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Anderson, Robert C., MS, March 1992 Geology
Hydrogeology of the Swan River Oxbow Preserve Area, Lake 
County, Montana (132 pp)
Director: William W. Woessner ^ ̂  z-Y—
Factors controlling water level fluctuations in an oxbow 
pond which is habitat to the endangered plant HoweIlia 
aouatilis were investigated. The extremely limited 
distribution of HoweIlia and the lack of genetic diversity 
between populations make it prone to extinction. Howellia 
relies on the areas unique hydrologie conditions, seasonal 
drying of a portion of the pond, for its survival.
Research included geologic mapping, water level 
monitoring, water chemistry analyses, aquifer testing and 
development of an annual water budget. A three dimensional, 
finite difference numerical model was then developed to test 
the validity of the conceptual hydrogeologic model.
Results show the Preserve to be underlain by a shallow 
unconfined aquifer (the Preserve aquifer). Infiltration 
from Lost Creek, located approximately 1.5 miles south of 
the oxbow pond, provides the majority of recharge to the 
shallow aquifer and the pond. Groundwater discharges to a 
drainage ditch, a spring creek, the Swan River adjacent to 
the oxbow pond, and Swan Lake. During spring runoff 
conditions the Swan River stage increases abruptly causing 
the river to change from a losing to a gaining river 
adjacent to the Preserve. At this time (May and June) the 
Swan River provides recharge to the shallow aquifer and the 
oxbow pond. Low TDS values and high Ca/Na and Ca/Si ratios 
for Preserve aquifer water samples suggest short residence 
times for aquifer waters. This indicates the Preserve 
aquifer is part of a local flow system as opposed to a more 
regional system.
Factors controlling water levels in the oxbow pond include 
quantity and timing of surface and groundwater discharging 
from the Lost Creek watershed, and the stage elevation of 
the Swan River. Due to the proximity of the oxbow pond to 
the river, the Swan River stage is believed to have the 
greatest effect on the oxbow pond water level. The river 
serves as the discharge point for groundwater flowing 
through the Preserve aquifer and the oxbow pond. If the 
river stage were to significantly decrease, water levels in 
the adjacent aquifer, and thus the oxbow pond, would also 
decrease. Knowledge of the area hydrogeology gained through 
this study can be used in an effort to maintain the present 
hydrogeologic regime so important to the endangered plant.
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CHAPTER 1 
INTRODUCTION
Wetlands provide important habitats for diverse 
assortments of flora and fauna. They also act as sources, 
sinks, and transformers of a wide variety of chemical, 
biological and genetic materials and are important 
components in flood control and groundwater protection 
(Mitsch and Gosselink, 1986). The 400-acre Swan River Oxbow 
Preserve, a mixture of wetlands and forest, is located 
approximately two miles south of Swan Lake in Lake County, 
western Montana (Figure 1). The Preserve was recently 
acquired by The Nature Conservancy to provide long-term 
protection of five species of rare plants present on the 
Preserve.
This project was undertaken as a joint effort between 
The University of Montana, The Nature Conservancy and 
Hydrometrics, Inc, of Helena, Montana to characterize the 
groundwater system supplying the Preserve and its 
interaction with the Swan River and Lost Creek. Of 
particular interest is an oxbow pond on the Preserve which 
harbors a rare plant, water howellia (Howellia aguatilis). 
Howellia's restrictive ecological requirements and lack of 
genetic diversity lead experts to believe that it is prone 
to extinction (Lesica et al, 1988). This aquatic plant 
relies on the seasonal drying of the oxbow pond for its 
survival making characterization of the oxbow pond’s present
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hydrologie regime crucial to the survival of this isolated 
population of howellia.
Goals and Objectives 
The goal of this study is to gain a quantitative 
understanding of the hydrogeology of the Swan River Oxbow 
Preserve. Specifically, factors controlling seasonal water 
level fluctuations in the oxbow pond, the critical habitat 
of Howellia aouatilis. are investigated. The objectives 
include: 1 ) determination of the geologic history and 
stratigraphy of the area; 2 ) identification of site 
aquifer(s) and hydraulic parameters; 3) determination of the 
seasonal variation in groundwater levels and the rate and 
direction of groundwater flow, and 4) assessment of the 
interaction of the oxbow pond. Swan River and groundwater 
system. Geologic mapping, well drilling, piezometer 
installation, aquifer testing, water level measurements and 
analyses of water chemistry data were used to achieve these 
objectives and are discussed in detail in the methods 
section.
Literature Review
Geologic and hydrologie studies of the Swan Valley are 
restricted to a few regional investigations. Alden (1953) 
studied the glacial geology of western Montana but only 
generally mentions the Swan Valley. Witkind (1978) studied 
the environmental geology of the Swan Valley and published a 
series of maps delineating different glacial deposits and
4
alluvium. Klienkopf and Mudge (1972) made a geophysical and 
general geological study of a large portion of northwestern 
Montana. They show a gravity low over the Swan Valley 
indicating valley fill up to 3,000 feet thick in some areas. 
Additional work includes a landtype survey by Martinson and 
Basko (1983), a geological and mineral resource study by 
Johns (1970) that touched on structural and glacial geology 
of the Swan Valley, and a structural interpretation of the 
Swan Valley based on geophysical information by Cosby 
(1984).
Site Description
Physiography:
Swan Valley is located in the Northern Rocky Mountain 
physiographic province. It is a north-south trending 
glaciated valley bounded by large mountain ranges on both 
the east and west sides. The Swan River flows north through 
the valley from its headwaters near Lindbergh and Holland 
Lakes into the Flathead Valley at Bigfork, Montana, where it 
enters Flathead Lake (Figure 2), Elevation ranges from just 
over 3,000 ft AMSL at the north end of Swan Valley to over
9,000 ft in the Swan and Mission Ranges.
The Swan River Oxbow Preserve is located approximately 
two miles south of the town of Swan Lake in Township 25N, 
Range 18W, Sections 26 and 35 (Figure 1). A good gravel 
road. Porcupine Ck. Road, borders the south side of the 
Preserve.
iLFf ElzG
S}t*fin
iĵ i
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Regional Map Showing Preserve Location
Climate:
The mean temperature in Swan Valley is 40® F in fall 
and spring, 20® F in winter and 60® F in summer (Hunt et 
al.,1967). Precipitation ranges from 20 inches at lower 
elevations to over 50 inches at higher elevations. From 
1979 through 1981 the average annual precipitation in the 
town of Swan Lake, two miles north of the Preserve, was 31.4 
inches with May, June, December and January being the 
wettest months.
Vegetation:
A high water table and periodic flooding of the Swan 
River are the two main factors controlling the distribution 
of vegetation on the Preserve. Mature cottonwood forests 
dominate the western half of the Preserve where spring 
flooding of the Swan River is typical, and spruce forests 
dominate the east half.
Five rare plants grow on the Preserve; the water 
howellia (Howellia aouatilis), small yellow lady's slipper 
(Cvpripedium calceolus var. parviflorium), northern bastard 
toadflax (Geocaulon lividum^, buckler fern (Drvopteris 
cristata  ̂ and round-leafed pondweed (Potomoqeton 
obtusiflius). All studies of these plants by The Nature 
Conservancy stress the importance of the proper hydrologie 
regime for their survival.
General Geology:
The Swan Valley lies between two north-south trending
7
fault block mountain ranges, the Swan Range on the east and 
the Mission Range on the west (Figure 2). Both ranges are 
bound by major faults on their west sides and their layered 
bedrock dips approximately 25 degrees eastward. The Swan 
Fault (Figure 2) is a major west dipping normal fault of 
Cenozoic age (Kleinkopf and Mudge, 1972). Offset on the 
fault has been estimated at 11,000 ft by Johns (1970) and 
over 20,000 ft based on geophysical data by Kleinkopf and 
Mudge (1972).
The Swan and Mission Ranges consist of slightly 
metamorphosed sedimentary rock of the Precambrian Belt 
Series, specifically the Piegen, Grinell and Missoula Groups 
(Ross et al., 1955). The lithology of these groups is 
predominantly carbonates, argillites and quartzites. The 
reader is referred to Johns (1970) for a full description of 
the bedrock in this area.
The Swan Valley floor is covered by Pleistocene glacial 
deposits and Holocene overbank deposits bordering rivers and 
streams. Lateral moraines are banked against foothills on 
both sides of the valley while ground moraine and glacio- 
fluvial sediments cover most of the valley bottom. 
Interpretation of airborne geophysical surveys of the area 
infer the valley fill is very thick, particularly near 
Condon, about 25 miles south of the Preserve. At this 
location a gravity minimum of 10 to 15 mgal indicates up to
2,000 to 3,000 ft of Cenozoic valley fill material is
8
present (Kleinkopf and Mudge, 1972),
Near the Swan River Oxbow Preserve, surficial deposits 
include Pleistocene ground moraine, glacio-fluvial deposits, 
glacio-lacustrine deposits, and kames. Holocene deposits 
include lacustrine silt, an alluvial fan and alluvium 
bordering the Swan River and creeks (Witkind, 1978). 
Hydrology:
The Swan River drainage basin covers 671 mi^ (Leathe 
and Enk, 1985). The river averages a 0.4% gradient between 
Lindbergh and Swan Lakes with a mean annual flow of 165 cfs 
measured near Condon and 1300 cfs measured 0.25 miles 
downstream from Swan Lake. Both sites are U.S.G.S. gaging 
stations and experience peak flow in June. Woodward, Elk, 
Glacier and Lion Creeks are the largest tributaries and Swan 
Lake with a surface area of 2680 acres the largest of 
numerous lakes in the drainage. Surface water features near 
the Preserve include the Swan River, Swan Lake, Spring 
Creek, Lost Creek, several smaller unnamed creeks, oxbow and 
kettle ponds, and marshes (Figure 1). Spring Creek 
originates as a series of springs on the east side of the 
Preserve, The oxbow pond, where the endangered water 
howellia resides, partially dries in late summer, a 
condition crucial to the life cycle of this plant.
There have been no specific regional or local 
groundwater studies of the Swan Valley so well logs, 
sedimentary facies models and hydrogeologic knowledge of
9
similar northern Rocky Mountain valleys were used to 
evaluate the regional groundwater system. Locally, a high 
water table exists on the Preserve year-round as evidenced 
by the numerous springs and marshes present.
The remainder of this thesis discusses the methods 
applied in this study, results and interpretations, the 
numerical groundwater flow model, and study conclusions.
CHAPTER 2 
METHODS
The following section outlines the methods used to 
attain the previously stated goals and objectives of this 
study.
Well Log Inventory
Although a detailed investigation of the regional 
groundwater system in the Swan River basin is beyond the 
scope of this study, knowledge of the regional hydrogeology 
is essential in defining the hydrogeology of the Swan River 
Oxbow Preserve. To gain insight into the regional 
hydrogeologic system, a list of all available well logs from 
the Swan River drainage south of the town of Swan Lake was 
obtained from the Montana Bureau of Mines and Geology. From 
this list, 55 logs were chosen for detailed examination 
based on their locations, depths and the quality of the 
logs. The well logs were used to determine the general 
stratigraphy of the Swan Valley to help form a conceptual 
model of the geology and hydrogeology of the Swan River 
Oxbow Preserve and surrounding area.
Monitoring Wells and Piezometers
Two six-inch diameter wells were drilled and 11 
piezometers hand augured and driven in the study area to aid 
in deciphering the site stratigraphy, assess groundwater 
flow and aquifer properties, and provide access for water 
quality sampling. In addition to the geologic information
10
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obtained from the piezometer sites, several additional sites 
were sampled by hand auguring to expand my understanding of 
the near surface stratigraphy.
The monitoring wells were constructed using a forward 
air-rotary rig with a drill-through casing driver which 
prevented caving of the unconsolidated deposits and 
permitted collection of good quality sediment samples keyed 
to accurately recorded depths. A 7.5 inch diameter hole was 
drilled and cased with 6.625" ID steel casing from two ft 
above ground level to the finished depth of the well. The 
wells were then perforated with a down hole perforator 
adjacent to the major water bearing zones and left open 
ended. Finally the wells were developed with compressed air 
for one hour at which time the discharge water appeared 
clear.
Of the 11 piezometers installed, eight are 1.25 inch or 
two inch diameter metal sandpoints and three are two inch 
PVC. The metal sandpoints were installed by hand auguring a 
four inch diameter hole to the water table, which varies 
from three to 1 1  ft below the ground surface, and driving 
the sandpoints an additional five to 1 0  ft below the water 
table. The annulus was then backfilled one foot with 
bentonite pellets and the remainder of the hole back filled 
with cuttings. Two of the eight sandpoint sites include a 
second shallow piezometer finished approximately two ft 
below the water table. This second well formed a nested
12
pair of piezometers that were used for vertical gradient 
determinations (Figure 3A).
The PVC piezometers were installed by hand auguring a 
four inch diameter hole to approximately two ft below the 
water table and setting the PVC in the hole. Clean medium 
gravel was used to backfill the annulus to just above the 
water table. One foot of bentonite pellets was then added 
to form an annular seal. The remainder of the hole was 
backfilled with cuttings. The lower 1.5 ft of PVC was 
screened by cutting an average of 1 . 2  slots per inch with a 
standard hacksaw and the bottoms left open ended (Figure 
3B). Sediment samples were collected during piezometer 
installation and grain size distribution determined in the 
lab by visual inspection (Bowles, 1984).
Water Level Monitoring
Water levels were monitored at 15 groundwater sites and 
28 surface water sites during the course of the study 
(Figure 4). The 15 groundwater sites include the two 
monitoring wells, 1 1  piezometers and the continuous recorder 
well installed and a preexisting cistern. Frequency of site 
monitoring was determined by season, accessibility of a site 
and importance of a site to the study. Stages at most sites 
were measured monthly from February, 1990, to March, 1991. 
Measurement frequency was increased to weekly in May and 
June during spring runoff. Water levels at all groundwater 
monitoring sites were measured to the nearest hundredth of a
13
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foot using a steel tape. Surface water stages were measured 
from reference points, such as a nail in a bridge, to the 
water surface or were read from staff gages to the nearest 
hundredth of a foot. Three of the sites, MW2, CR2 and 0X1 
(the oxbow pond) were equipped with Stevens Type F 
continuous recorders.
All measuring points were surveyed with a Nikon NT-2 
theodolite by differential leveling and all loops were 
closed to check for survey error. Any error was then 
propagated through the loop as explained by McCormac (1976).
Water level data were used to construct potentiometric 
surface contour maps, hydrographs, to calibrate the 
numerical model and determine the gradient of the Swan River 
and creeks.
Stream Gaging
Stream flows were measured periodically during the 
study to allow rating curves to be made for Lost Creek, 
Spring Creek and the Swan River and to evaluate leakage 
rates in Lost Creek and Spring Creek and the drainage ditch. 
Flows were measured with a Price AA meter. Spring Creek, 
Lost Creek and the ditch were measured by the wading method 
and Swan River was gaged from the Porcupine Creek Road 
bridge using a bridge crane (U.S.G.S., 1977).
Seismic Refraction Survey
A seismic refraction survey was conducted in an attempt 
to locate the bottom of the water bearing alluvial and
16
glacial sediments comprising the local aquifer * The 
refraction survey consisted of three lines, two along 
Porcupine Creek Road and one near MW-1, using a standard 
refraction survey configuration (Keery and Brooks, 1984).
Up to one pound KINEPAK explosive charges were used as 
the energy source and a GEOMETRICS 12-channel seismograph 
was used to record the data. Time-distance seismograms were 
interpreted by standard procedures (Keery and Brooks, 1984) 
to attain the depth below ground surface of the aquifer 
bottom.
Water Chemistry
Water samples were collected and analyzed twice during 
the study. These data were used to establish baseline water 
chemistry and interpreted with groundwater flow data to 
suggest groundwater sources to the Preserve. Five sites 
were sampled in July of 1990 and eleven sites in March, 1991 
for gross chemistry and trace metals. In addition, 
monitoring wells MW-1 and MW-2 were sampled during aquifer 
testing in November, 1990. Sample sites are shown in Figure 
5 and the analytical schedule shown in Table 1.
Sample collection and handling were conducted using 
standard procedures. Plastic acid-washed containers were 
used for all samples and were rinsed with sample water 
before filling. At river, creek and drainage ditch sites, 
grab samples were collected from the channel middle. 
Groundwater samples were obtained after pumping wells until
17
QamrĴ Utiof»4
- NORTH
Ditch
S p n n p
' S«up
sp-G*
3b _
Porcuplnê ïMW-2#
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TABLE 1; Groundwater and Surface Water Analytical Schedule.
Field Parameters; 
pH
Temperature 
Specific Conductivity
Major Ions and Nutrients;
TDS
Aik*
K
Na
Ca
Mg
SÔ
Cl
CO3  
HCO3
F* 
N ( 
NH, 
P 
Si
as NO3 +NO2
' 3  
Metals fanalyzed for total and dissolved):
As
A1
Cd
Cu
Fe
Mn
Ni
Pb
Zn
* Not analyzed for in the July, 1990 sampling episode
19
water temperature and specific conductivity stabilized. 
Containers were then submerged in a plastic bucket and 
filled with well water to minimize entrapment of air in the 
sample. All dissolved metals samples were filtered through 
a 0.45 micron filter membrane during collection and 
acidified with nitric acid for preservation. Temperature,
Ph and specific conductance were measured in the field.
All samples were kept in an ice-filled cooler and all 
but the dissolved metals samples analyzed within 1 0  days of 
sampling. Ten percent duplicates and 5% blanks were 
included for quality control. The dissolved metals samples 
were analyzed by the I.C.A.P.E.S. method at the University 
of Montana Geology department and all other analyses 
conducted by Energy Laboratories, Inc. located in Billings, 
Montana.
Hydraulic Properties
Constant discharge aquifer tests and slug tests were 
used to determine the hydraulic conductivities of the site 
aquifers. These values were then used in construction of a 
site water balance and as parameters for numerical modeling.
Constant discharge aquifer tests were conducted on the 
two monitoring wells using a five h.p. submersible pump and 
an in-line flow meter. Because no observation wells were 
available, time-drawdown data were collected for the pumping 
well only. Monitoring well MW-1 was pumped for 9 hours and 
47 minutes at a constant discharge of 93 gpm. MW-2 was
20
pumped for 12 hours and 56 minutes at a constant discharge 
of 90 gpm. Aquifer test data was interpreted using the 
Theim equilibrium equation for unconfined aquifers 
(Driscoll, 1986).
Slug tests were performed on piezometers SP-1, SP-2, 
SP-3 and SP-9 (Figure 4). A one-inch diameter slug was 
lowered inside the piezometer to displace the water upwards 
and the water level in the piezometer allowed to re­
equilibrate. The slug was then removed, lowering the water 
level in the piezometer below the water table and the water 
level recovery rate recorded at one second intervals via a 
pressure sensitive transducer connected to a laptop 
computer. The hydraulic conductivity of the surrounding 
aquifer material was calculated from the recovery data as 
described by Hvorslev (1951).
Water Budget
A conceptual hydrogeologic model of the Preserve area 
was developed from the obtained data. Using groundwater- 
surface water interactions and groundwater flow paths 
indicated by the conceptual model, a groundwater budget was 
developed for the study area.
The water budget equation is:
Inflow=Outflow+Change in Storage 
Inflows to the aquifer include: 1) underflow from Lost Creek 
Canyon, 2) underflow through the Swan River alluvium from 
the south, 3) infiltration from Lost Creek, 4) infiltration
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from Swan River, 5) precipitation, and 6 ) mountain runoff. 
Outflows include: 1) Spring Creek discharge, 2) an open 
drainage ditch, 3) groundwater flow to Swan River, 4) 
groundwater flow to Swan Lake, 5) surface runoff to Swan 
Lake, and 6 ) évapotranspiration. The water budget was 
established for the period January, 1990 to January, 1991 
during which time a net drop in the water table elevation of 
one foot occurred. The water budget is discussed further in 
the hydrogeologic interpretation section.
Numerical Model 
To test the conceptual hydrogeologic model, a numerical 
simulation of the groundwater system was used. A three 
dimensional finite difference model, MODFLOW, developed by 
McDonald and Harbaugh, (1988), was chosen because of its 
widespread use and excellent documentation. The model was 
calibrated to field measured water levels as well as 
measured flows to and from ditches and creeks. The model is 
discussed in detail in the Numerical Model section.
CHAPTER 3 
RESULTS AND INTERPRETATION
This section presents the conceptual geologic and 
hydrologie models. The geologic model is discussed first 
because it forms the physical framework for the groundwater 
and surface water systems. The following section covers the 
numerical model used to test the conceptual model.
GEOLOGY
The geologic history of a site dictates the aquifer 
geometry, sediment type distribution and hydrologie 
parameter distribution. Well logs, geologic mapping, and 
knowledge of similar geologic environments were used to 
develop the geologic history of the study area. This study 
focuses on the Quaternary history, especially Pleistocene 
glaciation, and the resulting deposits. In the following 
paragraphs the regional geology is discussed first, then a 
more detailed description of the deposits present at the 
study site follows. After the deposits have been described, 
the geologic events leading to their emplacement are 
discussed. The structural and bedrock geology was briefly 
described in the introduction and will not be expanded upon. 
Regional Sediments
Except where dissected by the Swan River, the Swan 
Valley is covered by hummocky ground moraine composed of 
basal till. Local well logs (one through five, Appendix A) 
show the drumlinoid till averages 40 ft in thickness. This
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ground moraine (the valley facies of Witkind, 1978) is 
drained by numerous intermittent streams commonly connecting 
the kettle ponds dotting its surface. A lack of clast 
weathering, poorly developed soils, steep sided hummocks, 
the absence of sediment infilling of the kettles and poorly 
developed drainage patterns indicate that the till is 
relatively young. Most likely it correlates with the late 
Pinedale glacial advance (16,000 to 13,000 ybp) responsible 
for the Poison moraine in the Mission Valley, northwestern 
Montana (Ostenna et al., 1990).
The Swan River alluvial plain trends north-south 
through the valley. The elevation of this surface is 
approximately 80 ft lower than the adjacent till benches.
The absence of large boulders on the alluvial plain suggests 
that it is the result of infilling of a once deeper trough 
as opposed to post-glacial fluvial erosion of the till. If 
the lower elevation alluvial plain had resulted from post­
glacial erosion, the large erratics up to 1 0  feet across 
which commonly litter the till surface would be concentrated 
on the alluvial plain as a lag deposit. Well log 6  in 
Appendix A is from a well located on the alluvial plain near 
Goat Creek, approximately 10 miles south of the Preserve.
It shows 80 feet of gravel with varying amounts of clay 
overlying clay and minor gravel from 80 feet to 128 feet 
below ground surface. From 128 ft to 131.5 feet is a water 
bearing gravel and sand. The upper 128 feet of this
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sequence is interpreted as alluvium overlying outwash and 
subglacial meltwater deposits which infilled the glacially 
eroded trough. Subglacial meltwater channels eroded in the 
substrates of many present glaciers have been observed to 
fill with outwash and other recessional deposits as the 
glaciers retreat (Gustavson and Boothroyd, 1982).
Local Sediments:
Surficial sediments in the study area include the basal 
till and alluvium previously discussed, an alluvial fan 
emanating from Lost Creek Canyon, and lacustrine and 
floodplain silts of the Swan Lake delta plain (Figure 6 a).
The Lost Creek alluvial fan is a stream dominated, 
clast supported fan consisting of cobbles and boulders on 
the proximal fan surface grading into silty sand in the 
distal portions. Figure 7 shows an exposure of the mid-fan 
facies in a gravel pit just south of the Preserve. The 
presence of a gravel bar in the Swan River at the mouth of 
Lost Creek indicates the Creek still transports and deposits 
large bedload material and is actively building the alluvial 
fan.
The Swan River alluvium is predominantly sand and 
gravel in the southern portion of the study area but grades 
into sand and then silty sand in the northern part due to 
the lower gradient of the delta plain (Figure 6 a). The 
alluvium fills a trough cut into the deltaic silts by the 
Swan River's recent meandering across the delta plain
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Figure 7:
Exposure of Alluvial Fan in Gravel Pit 
South of Porcupine Creek Road 
(Note Lens Cap for Scale)
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(Figure 6 b).
Varved lacustrine silts occur on the eastern part of 
the delta plain (Figure 6 a). The silts are blue-gray in 
color and contain sandy lenses and peat layers which may act 
as groundwater conduits. The silts partly overlie the 
gravel and silty sand alluvium of the Swan River as shown on 
cross-section A-A’ (Figure 6 b) indicating that the delta 
plain has been periodically inundated by the lake since the 
river migrated westward to its present position.
Knowledge of the subsurface geology comes from existing 
well logs and the two monitoring wells drilled as part of 
this study. Well logs 1 through 5 (Appendix A) show the 
stratigraphy to consist of a clean gravel layer overlain by 
clay and gravel which in turn is overlain by surficial 
ground moraine (Figure 8 ). The top of the clean gravel 
layer lies 100 ft to 140 ft below the ground surface 
(approx. 2950 to 3030 AMSL). Total thickness of the gravel 
layer is not known because none of the wells penetrate 
through the gravels, but well log 4 (Appendix A) shows it to 
be at least 30 ft thick. The gravel unit forms a confined 
aquifer producing flowing wells.
The overlying silt and clay with minor gravel dispersed 
throughout is 60 to 1 0 0  ft thick depending on where the 
lower gradational contact is placed. Its surface elevation 
varies from 3050 to 3130 ft AMSL. The deposit appears to be 
continuous in the Preserve area and can be seen along the
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extreme eastern margin of the delta plain (Figure 6 a). I 
interpret the clean gravel and overlying silt and clay to be 
glacial outwash overlain by glacio-lacustrine deposits.
This sequence may in fact be continuous with the clay and 
gravel and underlying water bearing gravel and sand from 80 
feet to 131 feet below ground surface in well log 6  
(Appendix A) 10 miles to the south based on similar 
composition, elevations and water bearing properties of the 
gravels.
The lithologie logs from monitoring wells MWl and MW2 
(Appendix A) show varying proportions of sand and gravel 
with minor silt components. MWl encountered 'dry' clay and 
gravel from 70 ft to 78 ft at which depth drilling stopped. 
This clay and gravel may be the same unit seen in local well 
logs (Figure 8 ). MW2 encountered sand and gravel to its 
completed depth of 98 ft, so an exact thickness of the sand 
and gravel unit in this area is not known. However, if the 
clay and gravel at 70 ft in MWl is the bottom of the gravel 
deposit there, extrapolation of this contact to MW2 suggests 
the gravel unit bottom is not much deeper than 1 0 0  ft 
(Figure 6 b). This thick sequence of sand and gravel most 
likely represents a glacial delta formed in a proto-Swan 
Lake during the retreat of the late Pinedale(?) valley 
glacier.
Based on the deposits described above and knowledge of 
Pleistocene geology of western Montana, the geologic history
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of the study area has been interpreted as discussed below.
A summary of the geologic events is given in Table 2.
During mid-Pinedale(?) time a trunk glacier flowed 
north through the Swan Valley merging with the Flathead lobe 
of the Cordilleran ice sheet near Bigfork, Montana (Alden, 
1953). The narrowing of the valley near the town of Swan 
Lake (Figure 6 a) caused the ice to converge and thicken in 
the vicinity of present Swan Lake. Upon retreat of the 
glacier a topographic depression was exposed south of the 
constriction, possibly the result of subglacial scour 
related to ice thickening or the remnants of an antecedent 
lake. Meltwaters from the receding glacier flowed north 
depositing outwash gravels in the depression. This is the 
gravel unit seen at a depth of about 140 ft in area well 
logs. Shortly thereafter the glacial meltwater was backed 
up creating an ice marginal lake. The damming mechanism may 
have been a terminal moraine farther north now buried 
beneath younger glacial and Holocene deposits, or possibly 
the Flathead lobe of the Cordilleran ice sheet damned the 
Swan River near Flathead Lake (Ostenaa et al., 1990). It 
was in this lake that the thick clay and minor gravel unit 
seen in local well logs was deposited over the outwash 
(Figure 8 ). The relatively quiet lake waters allowed the 
silt and clay to settle out and mix with ice-rafted gravel. 
Distribution of the glacio-lacustrine deposits indicates 
that this lake extended farther south, probably to the toe
TABLE 2: Chronology of Geologic Events.
TIME(YBP) EVENT
7 0 . 0 0 0 to Mid Pinedale glacial advance. Valley glacier flowed north through Suan Valley.
3 5 .0 0 0
35.000 Mid Pinedale glacial retreat. Outwash gravels (Qgo) presently 140 ft below ground surface deposited.
Meltwaters backup forming glacial lake in which clay and minor gravel (Qgl) were deposited.
35.000 to Interglacial period during which fluvial and mass wasting processes dominated.
1 8 .0 0 0  Proto-Swan River drainage sim ilar to that present today develops.
18.000 to Late Pinedale glacial advance. Valley glacier again flows north through Swan Valley
1 2 .0 0 0  fed by tributary alpine glaciers. Lodgement till (Qgt) deposited.
Topographic depression south of bedrock constriction develops by subglacial scour or antecedent lake. 
Subglacial meltwater system erodes and deposits material in proto-Swan River drainage at base of glacier.
1 2 .0 0 0  Late Pinedale glacial retreat. Valley glacier retreats south of Preserve area depositing
coarse-grained delta (Qgd) in topographic depression.
Kames (Qk) form as glacier wastes away.
Valley glacier retreats farther south and fine grained delta facies (Qd) progrades northward.
Outwash partially fills subglacial meltuater-proto Swan River drainage system.
11.000 to Holocene. Fine-grained delta (Qd) continues northward progradation forming delta plain.
Present Fluctuating lake stages periodically floods delta plain (01) while Swan River cuts
alluvial trough (Qal) through delta plain.
Lost Ck alluvial fan (Qaf) deposited on top of late Pinedale delta (Qgd).
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of the trunk glacier forming a proglacial lake. The former 
extent of the lake is indicated by varved clay-silt rip-up 
clasts in the overlying late Pinedale(?) basal till observed 
five miles south of the study area, by varved silts in the 
Swan River bank near Cilly Creek (Figure 6 a) and by the 
possible presence of this clay in well log 6  (Appendix A),
10 miles south of the Preserve.
During the late Pinedale(?), or most recent valley 
glaciation, events were similar to the mid-Pinedale(?) 
glaciation. The alpine glaciers coalesced into a trunk 
valley glacier which flowed north through the Swan Valley.
By 13,000 years ago the late Pinedale(?) ice was waning 
(Ostenaa et al., 1990), and a depression again was exposed 
south of the bedrock constriction in the former Swan Lake 
basin. Outwash from the main trunk glacier, which had 
retreated farther south, was deposited in the depression 
with Lost Creek probably contributing materials as well.
This outwash from the trunk glacier and Lost Creek combined 
to form a coarse grained, straight edged prograding delta 
(Figure 9a) resulting in the thick sand and gravel sequence 
shown in the MWl and MW2 logs. It was during the wasting of 
the late Pinedale glacier that the kames present south of 
the Preserve (Figure 6 a) were deposited.
The Holocene geologic history of the Preserve area has 
been dominated by formation of the delta plain at the south 
end of Swan Lake, continuous migration of the Swan River
E »
FIGURE 9: Aerial views of two deltas fed by glacial meltwater. A. 
Deep basin si%>lied by unstable grave 1-bed braided streams forms smooth 
delta shoreline. Hector Lake, Alberta. Area shown -2 km wide. B. 
Shallow basin fed by relatively stable channels transporting mainly sand 
and finer grained sediment forms highly irregular shoreline. Upper 
Waterfowl Lake, Alberta. Area shown -1.5 km wide.
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across the delta plain, flooding of the delta plain by the 
Swan River and Swan Lake, and continued deposition of the 
Lost Creek alluvial fan.
When the Holocene began, the Swan River sediment load 
changed from coarse to fine material. As a result, the 
coarse grained, straight edged Pleistocene delta was buried 
by a fine grained, irregular edged delta plain as seen today 
(Figure 9b). Repeated flooding and deposition by the Swan 
River while migrating over the delta plain has most likely 
created a thick underlying sequence of silt, clay and sand.
The low topographic gradient of the delta plain has 
reduced the energy regime of the Swan River causing it to 
meander. Oxbow ponds have been continually forming on the 
delta plain for thousands of years by this process of river 
meandering and cutoff. Once isolated from the river, the 
still waters of these ponds allows organic debris and silts 
carried in by Swan River overbank flooding to settle and 
infill the ponds. As older ponds are infilled by this 
process, new ones are being formed by continual migration of 
the Swan River. Evidence of this ongoing process is seen 
today. Numerous oxbow ponds in varying stages of this cycle 
can be seen on and around the Preserve, and the large 
meanders present in the river will be cutoff and form new 
oxbow ponds in the future.
Throughout the Holocene coarse materials provided by 
mass wasting on the steep slopes of Lost Creek Canyon have
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supplied the Lost Creek alluvial fan. The fan now overlies 
the gravel and sands of the coarse grained delta evidenced 
in MWl and MW2 (Figure 6 b).
HYDROGEOLOGY
Major hydrologie components in the Swan River Oxbow 
Preserve area are the Swan River, Spring and Lost Creeks, a 
drainage ditch. Swan Lake and two known stratified aquifers. 
The two aquifers are the shallow groundwater system on the 
Preserve and the 140 ft deep confined aquifer in the 
mid-Pinedale(?) outwash gravels noted in the geology 
section. The following paragraphs describe the shallow 
aquifer, hereafter referred to as the Preserve aquifer, 
including aquifer geometry, groundwater occurrence and flow, 
surface water-groundwater interactions, hydrologie 
properties, an annual water budget and water chemistry.
Preserve Aquifer Characteristics 
The Preserve aquifer is a shallow groundwater system 
occupying glacial and alluvial sediments. Conditions vary 
from unconfined in the alluvial fan and underlying glacial 
delta, to semi-confined along the Swan River floodplain, to 
confined in the extreme eastern part of the delta plain near 
the drainage ditch. Semi-confined conditions on the Swan 
River floodplain result from the discontinuous nature of the 
Swan River overbank silts overlying the saturated alluvial 
gravels. Confined conditions on the eastern delta plain
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result from recent lacustrine silts overlying saturated 
alluvial gravels.
Aquifer Geometry
Aquifer geometry is determined by the geology and it 
forms the physical framework of the surface and groundwater 
flow systems. Of the deposits discussed in the geology 
section, the Swan River alluvium. Lost Creek Canyon alluvial 
fan and glacio-deltaic and modern delta sediments are water 
bearing units and comprise the Preserve aquifer. Glacial 
till, glacio-lacustrine, and Holocene lacustrine deposits 
are considered to have low permeabilities and form aquifer 
boundaries. Figure 10 shows the hydrostratigraphy of the 
study area, including the Preserve aquifer, the 
till-lacustrine silts aquitard and the confined glacial 
outwash aquifer.
The Preserve aquifer occupies an incision cut into the 
mid-Pinedale(?) glacio-lacustrine deposits by a succession 
of glacial then fluvial processes (see Geology section).
Well logs from the two monitoring wells, MW-1 and MW-2, 
reveal this incision and show that the aquifer bottom is 70 
ft deep at MW-1 and over 100 ft deep at MW-2. Although 
precise aquifer boundaries are undetermined for want of 
data. Figure 11 shows the areal extent and inferred 
thickness of the Preserve aquifer.
Water Level Data
Water level data recorded from winter, 1989 to spring.
38
B B'
3200 _
A'
3100
3000
CcuâiiLdâ  ̂G lanai Ouisram Aquile^^ 
? ? ? ?
2900
i
h
•s g
oâII
3200
3100
3000 _
2900.
______
Preawve-
o o QgH o ô  
SL  o o
o o Confined Glacial Outirash Aquifer
C
j
II
•s g
oâII
3150 _
3130 _
3080 _
3030 _
2980 _
2930 _
Ÿ —-—Ÿ-----9 '
o o  o o o o
Confined Glacial Outwash Aquifer — — — ,-. — ?
0BL05-91 12/8/Pi
Figure 10 
Hydrostratigraphic Units
39
V
erv# Aquifer
.
li
k > l e g e n d
MW-2• MonHortnq WMI
Figure 11:
Preserve Aquifer Bour^daries
40
1991 suggest a close hydrologie relationship between the 
Preserve aquifer and local surface water bodies including 
the oxbow pond. Figure 12 shows hydrographs for OX-1 (oxbow 
pond), SP-3, MW-2/ LC-1 (Lost Creek), SR-1 (Swan River), and 
SC-1 (Spring Creek) for the period November 16, 1989 through 
December 16, 1990. The timing of water level fluctuations 
closely coincide in all six sites, with the magnitude of 
fluctuation being greatest at SR-1 and MW-2. Figure 13 
shows April 20 to December 16, 1990 water level data for 
Lost Creek (LC-1), Swan River (SR-1) and the oxbow pond (OX- 
1). Water level fluctuations are near simultaneous at these 
three sites. This close correlation makes it difficult to 
determine the cause and effect of water level fluctuations 
in the oxbow pond. However, comparison of the water levels 
show the oxbow pond stage to be intermediate to Lost Creek 
and the river most of the year. This indicates groundwater 
flow is generally from Lost Creek, through the pond and into 
the Swan River. The Swan River stage does exceed that of 
the oxbow pond in mid-April, when a spell of warm weather 
produced an early snowmelt period, and again from late May 
through June. During these periods the river loses water to 
the aquifer and recharges the pond as discussed below.
Water level data from the continuous recorders at OX-1 
(the oxbow pond), CR-2, and MW-2 are shown in Figure 14.
The larger water level fluctuations at MW-2 compared to the 
two downgradient sites is attributed to MW-2 being closer to
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the primary recharge zone than CR-2 and the oxbow pond are. 
As groundwater enters the aquifer at a recharge zone, it 
travels through the aquifer as a slug, or wave. The further 
this wave travels, the more subdued or dampened its 
amplitude becomes due to mechanical dispersion. Water level 
fluctuations will thus decrease with increased distance from 
the source. The larger springtime fluctuation at the oxbow 
pond as compared to CR-2 is due to the ponds proximity to 
the Swan River which is a recharge zone in the spring.
Evidence of short term water level fluctuations 
including snowmelt and precipitation recharge events and 
diurnal évapotranspiration effects was searched for in the 
continuous water level records. Recharge from snowmelt and 
precipitation events could not be discerned. Although 
groundwater levels do increase shortly after snowmelt. Lost 
Creek and Swan River stages also increase making it 
impossible to determine which is responsible for the 
groundwater level increase.
Despite the dense vegetation and shallow water table on 
the Preserve, diurnal fluctuations from évapotranspiration 
are generally lacking from the water level record. Possible 
évapotranspiration induced diurnal fluctuations exist in the 
water level record at CR-2 from 8/5/90 to 8/22/90, but are 
only one to two hundredths of a foot. This fluctuation 
proved too small to calculate an évapotranspiration rate by 
the method of White (1932). The lack of an
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évapotranspiration signature in the water level record in an 
area of rapid and dense summer plant growth suggests the 
hydraulic conductivity of aquifer material is high. The 
high conductivity allows groundwater flow to respond quickly 
to évapotranspiration induced drawdown.
Groundwater Flow
The major sources of recharge to the Preserve aquifer 
are groundwater underflow from Lost Creek Canyon and 
infiltration of Lost Creek water through its cobble bed. 
Groundwater flows from the Lost Creek area north and 
northwest through the Preserve, discharging to the Swan 
River, Swan Lake, the drainage ditch. Spring Creek and a 
number of individual springs along the periphery of the 
alluvial fan. Figures 15 and 16 show the potentiometric 
surface and groundwater flow directions in the Preserve 
aquifer for January, 1991 and June, 1990 respectively.
During spring runoff, when the Swan River stage is at 
its maximum, the river becomes a source of recharge to the 
Preserve aquifer due to the reversed hydrologie gradient.
As seen on Figure 16, the change in the groundwater flow 
direction in spring causes the Swan River to become a 
significant, if not the main source of recharge to the oxbow 
pond.
Figures 15 and 16 represent generalized groundwater 
flow directions only. The true groundwater flowpaths are 
probably much more complicated than depicted. High
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permeability abandoned river channels, now buried beneath 
younger alluvial and lacustrine material, most likely serve 
as preferential groundwater flow paths, causing the 
groundwater to follow a more sinuous path than suggested by 
Figures 15 and 16. The oxbow pond must be connected to the 
Swan River by such a buried channel since the pond was once 
part of the river. This buried channel most likely acts as 
the major groundwater conduit between the river and pond 
during spring runoff conditions.
Hydraulic Gradients
In January, horizontal hydraulic gradients range from 
0.017 ft/ft in the south near Lost Creek, to 0.0018 ft/ft on 
the Preserve, to 0.0006 ft/ft on the flat delta plain north 
of the Preserve. These gradients, along with the 
corresponding hydraulic conductivity values yield 
groundwater velocities of 8.5 ft/day, 1.8 ft/day and 0.03 
ft/day respectively. In June, during the peak of spring 
runoff, gradients are 0.015 ft/ft near Lost Creek, 0.003 
ft/ft on the Preserve, and 0.0002 ft/ft on the delta plain. 
The corresponding velocities are 7.5 ft/day, 3 ft/day and 
0.01 ft/day respectively. The gradient decrease near Lost 
Creek in June is probably the result of Swan River recharge 
to the Preserve aquifer near the oxbow pond in spring. This 
causes a greater water table rise on the Preserve than 
upgradient near Lost Creek.
Vertical hydraulic gradients range from downward, to
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near horizontal, to upward in different portions of the 
study area. A downward vertical gradient exists in the 
southern portion of the study area near Lost Creek. The 
vertical gradient is near zero at MW-1 and MW-2 and is 
upward on the Preserve and to the north.
The magnitude of the downward gradient in the south 
could not be determined due to the absence of wells in the 
area but its existence is apparent by the losing nature of 
Lost Creek.
The lack of a vertical gradient in the central portion 
of the study area is indicated by geophysical and water 
level data. A seismic refraction survey was conducted to 
locate the bottom of the gravel unit MW-1 and MW-2 are 
finished in. Although the contact could not be identified, 
the water table was easily discernable on the seismograms. 
The depth to the water table in the vicinity of MW-1 was 
shown to be 13 feet below ground surface by the seismic 
data. This was identical to the depth to water in MW-1 
which is perforated 55 feet below ground surface.
Therefore, the hydraulic head at the surface of the aquifer 
was the same as the head at a depth of 42 feet below the 
water table, indicating the absence of a vertical gradient. 
Secondly, a gravel pit near MW-2 partially fills with water 
in June due to the rise in the water table. At this time 
the water elevation in the pit, representing the water 
table, is the same as the water level elevation in MW-2,
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which is perforated at a depth of 95 feet. Again, this 
attests to the lack of significant vertical hydraulic 
gradients in the central portion of the study area.
An upward gradient on the Preserve is indicated by 
nested well pairs SP- 8  and SP-2 (Figure 4). Water level 
data from wells SP-8 d and SP-8 s, finished at depths below 
ground surface of 12 ft and 4 ft respectively, show a 
vertical gradient range of 0.03 ft/ft upwards to 0.01 ft/ft 
downwards with a mean vertical gradient of 0.003 ft/ft 
upwards. Wells SP-2d and SP-2s, finished at depths of 12 
ft and 6  ft respectively, exhibit a vertical gradient 
ranging from 0.12 ft/ft upwards to 0.07 ft/ft downwards with 
a mean of 0.03 ft/ft upwards. This water level data 
indicates a general upward gradient on the Preserve portion 
of the study area, especially near the oxbow pond.
Occasional downward gradients in this area are probably the 
result of temporary head changes caused by downward 
migration of precipitation recharge.
Groundwater-Surface Water Interactions
The oxbow pond, having no surface inflow or outflow, is 
a groundwater ’flow-through' pond. From July through April, 
groundwater flows north through the pond on its course from 
the Lost Creek area to the Swan River or Swan Lake. In May 
and June, this groundwater flow regime is complicated by 
groundwater flow from the Swan River through the pond.
Water levels in the pond fluctuate in response to seasonal
51
and longer term water table elevation fluctuations. In 
spite of springtime overbank flooding being common on this 
reach of the Swan River, the oxbow pond does not appear to 
be affected. The Porcupine Creek Road berm (Figure 1) and a 
man made levee along the river north of Porcupine Creek Road 
prevent this overbank flooding from inundating the Preserve 
and oxbow pond.
Spring Creek occupies a channel which was formerly 
occupied by Lost Creek. The southern portion of this paleo- 
channel, between the mouth of Lost Creek Canyon and the head 
of Spring Creek, is now buried beneath the alluvial fan 
gravels. These buried channel gravels form a high 
permeability groundwater flowpath from the mouth of Lost 
Creek Canyon to the head of Spring Creek.
A series of contact springs discharging from the 
foothills along the eastern border of the delta plain also 
supply flow to Spring Creek. The springs discharge at the 
top of the glaciolacustrine clay and till contact (see 
Geology section), the clay acting as a bottom to the 
saturated till (Figure 6 b). All water draining out of the 
eastern foothills is believed to flow directly into Spring 
Creek without interacting with the Preserve aquifer.
Several springs exist on the Preserve along the 
northern edge of the alluvial fan. Groundwater elevations 
in MW-1 and SP-6 , located near the edge of the alluvial fan, 
indicate the water table elevation near the fan margin is
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above the top of the delta plain lacustrine silts. This 
causes groundwater flowing north from the Lost Creek area 
through the fan gravels to discharge onto the delta plain in 
the form of springs (Figure 17). Much of this spring 
discharge flows north across the delta plain surface into 
the drainage ditch at D-1 (Figure 4). Surface flow into the 
drainage ditch from the springs at D-1 was estimated to be 
200 gpm (0.45 cfs) on June 28, 1990. Spring discharge 
fluctuates seasonally with a cumulative maximum discharge 
estimated at one to two cfs occurring during spring (May and 
June) and the majority of springs drying up by late fall. 
Hydrologie Properties
The hydrologie properties of an aquifer include the 
hydraulic conductivity (permeability) and storativity. 
Hydraulic conductivity (K) is a measure of the ease with 
which a fluid flows through the open spaces or pores of the 
aquifer material. The higher K, the more easily water flows 
through the aquifer. Transmissivity (T), often used in 
describing aquifer properties, is equal to the hydraulic 
conductivity multiplied by the saturated thickness of the 
aquifer.
Storativity is a measure of the volume of water 
released from or taken up by an aquifer per unit surface 
area per unit change in water level or head (Fetter, 1988). 
It is an important component of the mass balance described 
below because it determines changes in water volumes
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associated with diurnal, seasonal or longer term water level 
fluctuations in an aquifer. In confined aquifers, 
storativity is referred to as the storage coefficient and in 
an unconfined aquifer the specific yield.
Hydraulic Conductivity:
The constant discharge aquifer test data for MW-1 and 
MW-2 was interpreted using the Thiem equilibrium equation 
for unconfined conditions (Driscoll, 1986). The data was 
first corrected for partial penetration by the method of 
Jacob (1963). Since no observation wells were available, a 
radius of 400 ft corresponding to zero drawdown was used in 
the equation (Driscoll, 1986). The calculations, included 
in Appendix B, yield a hydraulic conductivity of 1,100 ft/d 
(feet per day) for MW-1 and 390 ft/d for MW-2.
Because only single well tests were conducted, drawdown 
data and resulting estimates of K may contain errors 
resulting from unrepresentative well drawdown measurements. 
Potential errors in the data include well loss and 
insufficient well development during construction. The 
effects of well loss result in calculated conductivity 
values most likely lower than true values. Well development 
refers to the flushing of silt and clay from the aquifer 
matrix which would otherwise interfere with the flow of 
water to the well. MW-2 aquifer test data (Appendix B) 
shows a gradual increase of water level during the test 
after the initial drawdown. Since no background rise in
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water level was noted upon recovery, this increase is 
probably due to well development during the test.
Therefore, the calculated hydraulic conductivity values are 
probably lower than the actual values, especially for MW-2 
because of the combined well loss-well development effects.
In addition to constant discharge pump tests, four slug 
tests were performed in the alluvial gravels of the Preserve 
aquifer. Slug tests data are included in Appendix B and 
piezometer locations shown in Figure 4. The resulting 
conductivity values range from 1770 ft/day at SP-3 to 160 
ft/day at SP-1. SP-2 and SP-9 results were 1200 and 1100 
ft/day, respectively. The lower value for SP-1 is probably 
the result of higher clay and silt content as difficulty was 
encountered when driving the piezometer at SP-1 into the 
ground.
The slug test values may be low as a result of 
piezometer design. The sandpoint piezometers are open to 
the aquifer over a small portion of their surface area only 
and the openings are covered by 60 gauze mesh. Slug test 
interpretation assumes that the screened interval of the 
sandpoint is fully open to the aquifer allowing free flow of 
water into the piezometer. The limited screened area 
interferes with the flow resulting in slower water level 
recoveries and lower conductivity values.
To summarize, considering the values obtained from the 
aquifer tests and realizing that they are probably low owing
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mainly to well loss, it can be inferred that the bulk of the 
Preserve aquifer has an average hydraulic conductivity 
greater than 1,100 ft/day and values of 1,300 to 2,000 
ft/day may be reasonable. Analysis of MW-2 test data 
implies the southern part of the aquifer has a lower 
hydraulic conductivity. The hydraulic conductivity in the 
southern portion of the Preserve aquifer may likely be 
between 500 and 1000 ft/day. The hydraulic conductivity is 
also lower north of the Preserve where the Swan River 
alluvium grades into silty sand. Konizeski et al. (1968) 
note a similar grading of the Flathead River alluvium from 
gravel to sand and report a conductivity of approximately 50 
ft/day for the sand facies there.
Storativity:
Storativity could not be determined from the aquifer 
tests because no observation wells were used so it was 
estimated from the literature. Storativity values usually 
fall within a narrow range so a close approximation can be 
made. Konizeski et al. (1968) obtained a specific yield of 
0 . 2 0  from aquifer tests on the alluvial gravel in the 
Kalispell valley, and this value is used here for the gravel 
portion of the Preserve aquifer. Fetter (1988) gives a 
specific yield of 0 . 2 1  for fine sand and this is used for 
the alluvial sand portion of the aquifer.
Annual Water Budget
In a water budget, total inflows to and outflows from
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an aquifer are compared. The difference between these two 
quantities, after accounting for changes in storage, serves 
as a check on the validity of the conceptual model. All 
inflows to the aquifer should be equal to the outflows plus 
or minus the change in storage. As is often the case in a 
preliminary study such as this, determination of a precise 
water budget is not possible due to insufficient data for 
certain inflow and outflow components. However, all 
components of the budget will be discussed below and a 
quantitative analysis given as best as possible.
The general water budget equation is:
Qin=Qout±^^^^g® in Storage 
For the Preserve aquifer this equates to:
Lost Creek Canyon underflow + Lost Creek infiltration + Swan 
River underflow + Swan River infiltration + precipitation = 
Flow to Spring Creek and drainage ditch + flow to Swan River 
+ flow to Swan Lake + surface flow to Swan Lake + 
évapotranspiration - change in storage.
Table 3 lists all components of the water budget.
Inflows:
Lost Creek Canyon underflow: Northward flowing
groundwater from the mouth of Lost Creek Canyon is an
important component of the water budget (Figures 15 and 16).
The quantity of water emanating from the canyon was
estimated using Darcy's Law, Q=K*I*A, where:
Q=quantity of water, or discharge (L̂ /T) 
K=Hydraulic Conductivity (L/T)
I=Hydraulic Gradient (L/LJ 
A=Cross Sectional Area (L̂ )
I assumed sediment compositions at the mouth of Lost
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TABLE 3: Water Budget Results for Preserve Aquifer. 
Values in acre-feet per year.
SOURCE OR SINK INFLOW OUTFLOW
Lost Ck. Canyon 1100
Lost Ck. Infiltration 18600
Swan River 170 3400
Precip. Recharge 900
Spring Creek 6100
Ditch 8000
Swan Lake
groundwater 30
surface water 3800
Evapotranspiration 2500
TOTAL 20,770 23,830
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Creek Canyon were similar to those at MW-2 and estimated 
their hydraulic conductivity value at 500 ft/day. An 
hydraulic gradient of 0,008 based on the Lost Creek gradient 
measured off a topographic map was used. A cross sectional 
area of 33,340 ft̂  was determined by assuming a thickness of 
saturated fluvial/outwash material at the canyon mouth of 25 
ft and measuring the width, 1335 ft. Based on these values 
a groundwater discharge from Lost Creek Canyon of 133,400 
ft^/day or 1 1 0 0  acre-ft/yr was calculated.
Underflow from Swan Valley: The extent to which north
flowing groundwater in the Swan River alluvium is recharging 
the Preserve aquifer could not be directly determined in 
this study. Stream banks of relatively impermeable till and 
underlying glacio-lacustrine silt such as seen along the 
Swan River bank south of Lost Creek (Figure 6 a) most likely 
direct any groundwater flowing north through the Swan River 
alluvium back into the river south of the Preserve 
preventing recharge to the Preserve aquifer. Also, well log 
6 , Appendix A, suggests the alluvial and glacial meltwater 
deposits underlying the Swan River alluvial plain do not 
contain large amounts of water. Although a quantitative 
analysis is not possible at this time, some recharge to the 
Preserve aquifer by Swan River underflow is suspected.
Lost Creek Infiltration: Stream gaging results
indicate that leakage through the cobble bed of Lost Creek 
provides significant recharge to the Preserve aquifer.
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Gaging sites are shown in Figure 18 and dates and discharges 
are summarized in Table 4. Gaging data from Leathe and Enk 
(1985) was used to estimate infiltration rates upstream of 
LC-1.
Analysis of stream gaging data indicates 2.8 cfs 
infiltrated on 3/22/90 and 37 cfs infiltrated on 6/6/90 
between LC-1 and LC-3. In addition, on 11/20/90 the flow was 
approximately 20 cfs at LC-1 but totally infiltrated the 
channel bed 200 ft upstream from LC-3. On 12/14/90 flow was 
approximately 35 cfs at LC-1 and only 2 cfs at LC-3.
The above data show that Lost Creek loses at least 20 
cfs between LC-1 and LC-3 most of the year, except in late 
winter when only 2.8 cfs were lost. Decreased infiltration 
rates during winter are often attributed to deposition of 
silt on the creek bed during low flow periods. However, the 
extreme decrease in March (2.8 cfs) compared to November 
(approx. 2 0  cfs) may be due to the formation of ice on the 
creek bed. During the March stream gaging a coating of ice 
over much of the creek bottom was noted. This ice may have 
formed during January and February when the creek stage was 
lowest and much of the creek bed was exposed. When stream 
flow increased again in March, infiltration was probably 
inhibited until the ice on the creek bed melted.
The low infiltration rate averaging about 2.5 cfs or 
216,000 ft^/day probably lasts from January through March 
for a total of 300 acre-ft. For the remaining nine months
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Surface Water Flow Gaging Sites.
TABLE 4: Stream gaging data. 62
Site Date Flow(cfs) %  Error
SR-1 2/24/90 300 15
5/31/90 4571
8/15/90 766
LC-1 2/24/90 22 10
3/22/90 34
6/6/90 266
LC-3 3/22/90 29 10
6/6/90 229
12/14/90 0.5 estimated
D-1 4/3/91 2.5 10
D-2 4/3/91 11.4 15
D-3 4/3/91 6.5 15
SC-2 4/3/91 14.8 20
8/15/90 3.6 25
SC-3 4/13/91 16 10
8/15/90 3.9 10
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infiltration averages approximately 25 cfs or 2,160,000 
ft^/day for a total of 13,400 acre-ft/yr for an annual 
recharge rate of 13,700 acre-ft/yr below LC-1. Gaging data 
from Leathe and Enk (1985) show an average annual 
infiltration rate above LC-1 of 6 . 8  cfs or 4900 acre-ft/yr. 
Therefore, the total recharge from Lost Creek is 
approximately 18,600 acre-ft/yr.
Swan River: Although the Swan River is a gaining
river (water flows from the aquifer to the river) through 
the study area most of the year, it becomes a losing river 
(water flows from the river to the aquifer) during high 
stage levels associated with spring runoff. This river to 
aquifer flow system is believed to involve the upper few 
feet of aquifer only, forming a shallow flow system 
superimposed on the deeper aquifer flow system. Due to lack 
of gaging sites on the river, an accurate measure of the 
amount of water lost from the river to the aquifer could not 
be determined. However, a rough estimate was made using 
data from the June, 1990, potentiometric map. Assuming the 
Swan River loses water over a distance of 8000 feet through 
the study area (from the 3082 to the 3070 foot 
potentiometric contours in Figure 16) and only the upper two 
feet of the aquifer are involved in this shallow flow system 
averaged over the duration of spring runoff, gives a cross 
sectional area of 16,000 ft̂ . The hydraulic conductivity 
varies from 1 0 0 0  ft/day to 50 ft/day along this reach of
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river for a weighted average of 525 ft/day. An average 
hydraulic gradient of 0.015 was obtained along the flowpaths 
exiting the river in Figure 16. Using these values, Darcy's 
Law gave a daily flux of 126,000 ft^/day. Assuming this 
flow pattern is maintained two months out of the year yields 
an annual inflow from the river to the aquifer of 170 
acre-ft/yr. Although this is not a large volume it is 
significant because it directly recharges the oxbow pond 
during spring runoff.
Precipitation: Groundwater recharge from
precipitation is dependent on several factors including the 
infiltration rate of the soil, intensity and duration of 
precipitation, depth to the water table and antecedent soil 
moisture content. Recharge is usually taken to be some 
percentage of total annual precipitation, the remainder of 
precipitation being lost to runoff or évapotranspiration. 
Danskin (1988) reports a recharge rate of 16% of annual 
precipitation on alluvial fans in the Owens Valley of 
California. Buckles and Watts (1988) used a value of 
5% to 10% of total precipitation for alluvial material in a 
mountainous watershed in Colorado. Bouwer (1987) says 
recharge ranges from 1 % of annual precipitation in arid 
areas to 30%-60% in humid regions. Considering the depth to 
groundwater, permeability of site soils and vegetative 
cover, I estimated the recharge rate to be 25% of annual 
precipitation. Using the annual precipitation of 31 inches
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and a surface area of 1400 acres yields recharge of 900 
acre-ft/yr.
Outflows
Spring Creek and Drainage Ditch: Gaging data for
Spring Creek and the nearby drainage ditch indicate an 
average discharge of approximately 10 cfs for Spring Creek 
at SC-3 and 11 cfs for the ditch at D-2 (Figure 18). This 
yields an outflow of 864,000 ft^/day or 7,200 acre-ft/yr for 
Spring Creek and 950,400 ft^/day or 8000 acre-ft/yr for the 
ditch, or a combined outflow of 15,200 acre-ft/yr. 
Approximately 1,100 acre-ft/yr of the flow in Spring Creek 
is believed to be contributed by runoff from the foothills 
to the east and should not be included as aquifer outflow. 
Therefore, the actual aquifer outflow is 14,100 acre-ft/yr.
Groundwater Flow to Swan River: Groundwater discharge
to the Swan River from the Preserve aquifer can be inferred 
from the potentiometric maps (Figures 15 and 16). As noted 
in my discussion on calculating inflow from the river to the 
aquifer, a lack of stream gaging sites made an accurate 
measurement of groundwater flow to the river impossible. 
Therefore, gradients and cross sectional areas taken from 
the January, 1991 potentiometric map and Darcy’s Law were 
used to calculate the flux. Using a length of 5000 ft from 
Figure 15, compensating for the flowpaths being oblique to 
the river, and a thickness of 50 feet for the aquifer 
beneath the river gave a cross sectional area of 250,000
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ftf. The gradient was estimated to be 0.002 from Figure 15 
and the hydraulic conductivity 1000 ft/day. Using these 
values with Darcy's Law gave a flux of 500,000 ft^/day.
This rate of flow to the Swan River is believed to occur 10 
months of the year for an annual flux of 3400 acre-ft/yr 
from the aquifer to the Swan River.
Groundwater Flow to Swan Lake: Old abandoned Swan
River meanders on the delta plain act as groundwater 
conduits from the Preserve aquifer to Swan Lake. As noted 
above, the hydraulic conductivity of the alluvium decreases 
to the north, forcing much of the groundwater to flow west 
and discharge into the river or upwards to the ground 
surface. However, some water discharges through the silty 
sand alluvium to Swan Lake. Using Darcy's Law with a depth 
and combined width of meanders of 25 ft and 2500 ft 
respectively, a gradient of 0.001 and conductivity of 50 
ft/day a discharge of 3125 ft^/day or 26 acre-ft/yr was 
calculated.
Surface Flow to Swan Lake: The lower conductivity of
the alluvium on the north end of the delta plain has a 
damming effect which forces some of the north-flowing 
groundwater to the ground surface. The resulting surface 
water then follows the old meanders, which are 
topographically lower than the surrounding lacustrine silts, 
into Swan Lake. Field observations indicate that this is an 
important discharge process for approximately two months
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during spring runoff when water levels are highest. It must 
also be noted that during this time much of the water 
flowing over Bog Road to the lake is from overbank flooding 
of the Swan River onto the delta plain, which appears to be 
an annual event.
The area involved is 2500 ft wide with an average water 
depth of 0.5 ft. The average water velocity was observed to 
be 0.05 ft/sec. Multiplying the velocity by the area gives 
a discharge of 62.5 ft^/sec. From observations noted in the 
field, I estimate half of this water is from Swan River 
overbank flow and should not be included as groundwater 
discharge. Therefore, during the two months that this 
process occurs, 31.5 ft^/sec or 3800 acre-ft/yr are 
discharged.
Evapotranspiration: The abundance of surface water
and vegetation, including phreatophytes, suggests 
évapotranspiration is an important component of outflow. 
Running et al. (1989) used a forest ecosystem simulation 
model to calculate évapotranspiration for a large area of 
northwestern Montana including the Swan Valley. Their 
results, using vegetative, climatic, soil and topographic 
data show an évapotranspiration rate ranging from 15.7 in/yr 
to >21.6 in/yr (40 cm/yr to >55 cm/yr) for the Preserve 
area.
Due to the abundance of spruce and cottonwoods in the 
study area, the upper limit of 2 1 . 6  in/yr probably is
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approached or exceeded on the Preserve. Multiplying this by 
1400 acres of study area yields an annual outflow by 
évapotranspiration of 2500 acre-ft/yr.
In summary, total inflows as calculated above amount to 
20,770 acre-ft/yr and total outflows total 23,830 acre-ft/yr 
(Table 3). Accounting for the 1400 acre-ft of groundwater 
lost from storage owing to the one-foot decline in water 
level over the year, gives an error in the balance of 1660 
acre-ft/yr more water leaving the aquifer than entering it. 
Although the error in the water budget is relatively small, 
it is important to realize that the values calculated are 
estimates only and excessive trust should not be placed in 
the budget. Unaccounted for recharge source(s), such as 
upward percolation from the deeper confined aquifer or 
groundwater underflow down Swan Valley may actually exist.
As previously mentioned, the scarcity of data makes the 
calculation of a complete water balance impossible at this 
time and the quantities given above are mainly estimates 
only.
Water Chemistry
Water samples were collected in July, 1990, and March, 
1991, to establish preliminary baseline water quality and 
help define recharge sources to the Preserve aquifer. In 
addition, samples were collected from MW-1, MW-2, Swan River 
(SR-1) and Lost Creek (LC-1) during aquifer testing in 
November, 1990. Table 5 gives a physical description of
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TABLE 5: Groundwater and surface water sampling sites.
SITE DESCRIPTION
8-1 Large spring on delta plain alongside Spring Creek
D-1 Drainage ditch 100 ft north of 90 degree bend.
D-2 Drainage ditch at bridge on old road.
SR-1 Swan River 50 ft above Porcupine Ck. Rd. bridge,
LC-1 Lost Creek 20 ft above Highway 83 bridge.
OX-1 South end of Oxbow Pond
SP-8 Metal piezometer in Preserve aquifer.
SP-8 Metal piezometer in Preserve aquifer.
SC-1 Head waters of Spring Creek.
SC-3 Spring Creek at Bog Road culvert.
MW-1 Monitoring well finished at 55 ft in Preserve aq.
MW-2 Monitoring well finished at 95 ft in Preserve aq.
HW Domestic well finished 160 ft to 170 ft below
ground surface in deep confined aquifer.
BW Domestic well left open ended 149 ft below ground
surface in deep confined aquifer.
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each sampling site. Figure 19 shows the sample site 
locations along with corresponding stiff diagrams for March, 
1991. Tables 6 , 7 and 8  include the analytical results with 
a summary given in Table 9. All sites, except HW and BW, 
are from the Preserve aquifer or surface water bodies 
hydraulically connected to the Preserve aquifer. Samples HW 
and BW were obtained from domestic wells finished in the 
confined glacial outwash aquifer described in the Geology 
section.
Analytical results show the Preserve aquifer water to 
be of the calcium-bicarbonate type. The low TDS (104 to 182 
rag/L) and low Na and Cl concentrations (Tables 6 , 7 and 8 ) 
suggest the groundwater is part of a local flow system as 
opposed to a more regional aquifer. The dominance of 
calcium and bicarbonate is due to the abundance of carbonate 
bedrock in the area. Saturation indices for calcite were 
calculated to be 0.57 for the groundwater sample taken at 
SP- 8  in March, 1991 and 0.0 for the groundwater sample taken 
at SP- 6  in July, 1990. These values indicate the Preserve 
aquifer water is in, or close to, equilibrium with respect 
to calcite. The deviation from equilibrium for the March 
sample is most likely due to temperature effects and error 
bars associated with the analytical results and calcite 
solubility product values used in the calculations.
The oxbow pond chemistry is similar to that of other 
Preserve aquifer samples except for the pond having higher
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Table 6: Analytical results in mg/L of water samples
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* SRI LCl 0X1 SP6 SCI
dH 7.4 7.8 6.8 7.3 8.2
TDS 74 121 140 203 160
K <1 <1 <1 <1 <1
No 1.45 0.98 1.91 1.58 1.91
Co T 23 35 39 64 46
D 22.1 32,8 36.2 58.6 43.5
Mg T 6 9 14 17 17
0 4.99 7.76 12.6 15.5 15.6
S04 1 2 2 3 4
Cl <1 <1 <1 <1 <1
C03 0 0 0 0 0
HC05 100 137 172 265 211
N* <0.05 0.09 <.05 0,2 0.09
NH5 <1 <1 <1 <.l <.l
P 0.1 0.111 0.105 0.138 0.594
SI 0 2.39 2.25 3,31 3,33 3.59
Cd <.001 <.001 0.04 NA <.02
Fe T 0.08 <.03 0.06 0.13 <.03
D 0.03 0.054 0.324 NA 0.019
Mn T <.02 <.02 <.02 0.02 <,02
D 0.006 <.002 0.016 0.035 0,0012
Zn T 0.01 <01 0.01 NA <.01
Al, As. Cu, Pb and Ni are below defection In all samples.
• N os N03+N02
* T-Total concentration.
D-Oissolved Concentration.
NA-Not Available.
Table 7: Analytical results (mg/L) for water samples
SRI LCl MWl MW2
No 1.34 1.24 1.94 1.43
Co 26.2 57.6 39 38.9
Mg 6.11 9.79 15 13.4
P 0.088 0.14 0.141 0.143
Si 2.83 2.46 3.26 2.92
Fe 0.008 0.022 0.032 0.029
Mn 0.003 0.001 0.001 0.0025
Table 8: Analytical results («g/L> for March, 1931 samples.
Preserve Aquifer Confined
• S1 01 02 SRI LC1 0X1 SP8 SCI SC3 HW BW
pH 7.58 7.66 7.52 7.77 7.93 594 7.89 7.87 7.29 7.62 7.65
TDS 15© 162 159 104 149 116 182 166 180 211 170
Aik 177 184 184 109 162 131 214 176 193 237 199
K <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Na 1.64 1.49 1.54 1.45 1.44 1.13 . 1.62 1.82 1.98 57 269
Ca T 38 47 47 33 47 36 61 47 54 64 53
0 33.7 39.2 41 29.3 41.1 303 524 39.8 488 56 452
Mg I 24 20 19 8 13 13 17 17 16 19 18
0 20 17.1 16.9 6.87 11.5 108 15 15 188 158 156
S04 3 2 2 2 3 2 2 2 2 4 1
Cl <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
C03 0 0 0 0 0 0 0 0 0 0 0
HC03 216 225 224 133 197 160 261 215 235 289 243
F <1 <.1 <1 <.1 <.1 O il o i <.1 <.1 <1 <1
N* 0.08 0.11 007 005 0.1 013 006 009 052 007 012
NH3 <.1 <1 <1 <.1 <.1 <.1 <.1 <.1 <1 <.1 <.1
P 0.054 0.092 0134 0075 0112 0135 0092 0141 0113 0.089 0099
Si T 1Q9 9.7 104 9.7 8 87 153 9.3 121 17.7 12
D 3.96 3.38 3.68 3.51 28 ao i 3.81 816 4.24 6.22 4.1
Fe I 0.05 0.04 005 004 <.03 012 NA < 03 009 1.72 <.03
D 0.017 0.013 0026 O011 <.006 o i l <006 <006 0017 0005 <006
Mn T < 0 2 < 0 2 .04 < 02 <.02 <.02 NA < 02 <02 < 02 < 0 2
D a o i 0.001 0037 0003 <002 0.01 0008 <0006 0009 <0006 <0006
Zn <01 <01 <01 <01 <01 <01 NA <01 <01 <01 <.01
Qa/Na 23.17 31.54 3052 2276 32.64 3097 37.66 26.82 27.27 9.66 19.70
Ca/Si 3.49 4.85 4.52 3.40 5.88 4.02 899 505 4.46 3.62 4.42
As. Al, Cd, Cu, PÜ and Ni 
below detection in ail samples.
•-N as N03+N02
*T-Total concentration.
0 -Dissolved concentration. 
NA-Not Available
TABLE 9: Summary of analytical results for all samples collected, 
NA-Not Available.
Values are total concentrations in m
SITE OATE . _ pH TOS Aik K Na Ca Mq S04 Cl €03 HC03 F
SI March ' 91 7.58 156 177 <1 1.64 38 24 3 <1 0 216 (. 1
01 March ' 91 7.65 162 184 <1 1.49 47 20 2 <1 0 225 <. 1
02 March ' 91 7.52 159 184 <1 1.54 47 19 2 <1 0 224 <. 1
SRI July '90 7.4 74 NA <1 1.45 23 6 1 <1 0 100 NA
March ' 91 7.77 104 109 <1 1.45 33 8 2 <1 0 133 <. 1
Nov. * 90 NA NA NA NA 1.34 26 6 NA NA NA NA NA
LCl July '90 7.8 121 NA <1 0.98 35 9 2 <1 0 137 0.09
March ’ 91 7.93 149 162 <1 1.44 47 13 3 <1 0 197 <. 1
Nov. ' 90 NA NA NA NA 1.24 38 10 NA NA NA NA NA
0X1 July ' 90 6.8 140 NA <1 1.91 39 14 2 <1 0 172 (.05
March ’ 91 6.94 116 131 <1 1. 13 35 13 2 <1 0 160 0. 11
SP6 Julu '90 7.3 203 NA <1 1.58 64 17 3 <1 0 265 0.2
SP8 March ' 91 7.89 182 214 <1 1.62 61 17 2 <1 0 261 0. 1
SCI July '90 8.2 160 NA <1 1.91 46 17 4 <1 0 211 0.09
March '91 7.87 166 176 <1 1.82 47 17 2 <1 0 215 (. 1
SC3 March '91 7.29 180 193 <1 1.98 54 16 2 <1 0 235 (. 1
HU March '91 7.52 211 237 <1 6.7 64 19 4 <1 0 289 (. 1
6U March '91 7.55 170 199 <1 2.69 53 18 1 <1 0 243 (. 1
MU-1 Nov. '90 NA NA NA NA 1.94 39 15 NA NA NA NA NA
MU-2 Nov. ’ 90 NA NA NA NA 1.43 37 13 NA NA NA NA NA
TABLE 9. (CON' T).
SITE DATE N* NH3 P Si Fe
SI March '9 0.08 <. 1 0.054 10.9 0.05
01 March '9 0. 11 (. 1 0.092 9.7 0.04
02 March '9 0.07 <. 1 0. 134 10.4 0.05
SRI July ' 90 <0.05 <. 1 0. 1 2.39 0.08
March ' 9 0.05 (. 1 0.075 9.7 0.04
Nov. '90 NA NA 0.088 2.83 0.008
LCl July ' 90 (. 1 0. Ill 2.25 <.03 NA
March ' 9 0. 1 <. 1 0. 112 8 <.03
Nov. ' 90 NA NA 0. 14 2.46 0.022
0X1 July ' 90 <. 1 0. 105 3.31 0.06 NA
March ' 9 0. 13 <. 1 0. 135 8.7 0. 12
SPé Julu ' 90 <. 1 0. 138 3.33 0. 13 NA
SP8 March '9 0.06 <. 1 0.092 15.3 NA
SCI July ' 90 <. 1 0.594 3.59 <.03 NA
March ' 9 0.09 <. 1 0. 141 9.3 <.03
SC3 March ' 9 0.52 <. 1 0. 113 12. 1 0.09
HW March ' 9 0-07 <. 1 0.089 17.7 1.72
BU March ' 9 0. 12 <. 1 0.099 12 <.03
nu- 1 Nov. ' 90 NA NA 0. 141 3.26 0.032
nu-2 Nov. ' 90 NA NA 0. 143 2.92 0.029
NOl
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Fe concentrations and lower Ph values. One possible 
explanation for these differences is leaching of organic 
acids and Fe from the podzol soils by precipitation or 
snowmelt into the pond (Berner et al, 1987). A second 
possible explanation for the low pH-high Fe may be 
biological activity in the pond. Oborn and Hem (1962) 
report that iron is often concentrated in lakes through 
biological processes and micro-organisms in the pond may 
reduce incoming ferric iron to ferrous iron. Oxbow pond Fe 
concentrations from March, 1991 (Table 8 ) show the vast 
majority of the Fe present to be in the dissolved phase 
(smaller than 0.45 microns) suggesting ferrous iron is the 
dominant species since uncomplexed ferric iron is extremely 
unstable. The total Fe concentration value for July is 
believed to be an analytical error since it is much lower 
than the dissolved concentration. The dissolved Fe sample 
was analyzed at the University of Montana where USGS 
standards were run to check instrument accuracy. This gives 
the accuracy of the dissolved Fe value a high level of 
confidence.
Some inferences regarding recharge sources to the oxbow 
pond can be made from the chemistry data. In the 7/9/90 
data (Table 6 ), total and dissolved ion concentrations in 
the pond (OX-1) are generally much higher than those of the 
Swan River (SR-1) and slightly higher than those of Lost 
Creek (LC-1). The potentiometric map for June 22, 1990
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(Figure 16) indicates the oxbow is recharged by both the 
Swan River and Lost Creek system (Lost Creek infiltration 
plus Lost Creek Canyon underflow) at this time. This 
observation is supported by the chemistry data which 
reflects a mixing of the higher concentration Lost Creek 
derived water and Swan River derived water.
In the 3/4/91 data (Table 8 ) the oxbow concentrations 
for Ca and HCO3 are intermediate between the Swan River and 
Lost Creek values. The January potentiometric map (Figure 
15) shows recharge to the pond to be entirely from the Lost 
Creek system at this time. Therefore, concentrations of 
constituents such as Ca and HCO3 should be higher in the 
oxbow than LC-1 due to reactions with the aquifer matrix 
along the flowpath. These lower than expected Ca and HCO3  
concentrations in the pond are believed to be due to 
snowmelt and precipitation dilution of the pond water due to 
climatic conditions during sampling. Another possible 
explanation is calcium-carbonate precipitation from the 
groundwater upon entering the pond, possibly enhanced by 
biological activity in the pond.
Water samples HW and BW were obtained from domestic 
wells finished in the deep confined glacial outwash aquifer. 
Well HW is finished at a depth of 170 ft, or 30 ft below the 
top of the confined aquifer. BW is finished at a depth of 
149 ft, 19 ft below the top of the confined aquifer. HW and 
BW well logs are included as logs 3 and 5 respectively in
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Appendix A.
Concentrations of most constituents in HW are higher 
than the Preserve aquifer samples (Table 8 ). This is 
expected since the deep aquifer is presumed to be a more 
regional system. Sample BW concentrations, however, are 
higher than the Preserve samples for some constituents but 
comparable for others. For example, the HW and BW Na 
concentrations are 6  mg/L and 3 mg/L respectively compared 
to a maximum of 1.98 mg/L for the Preserve samples. The TDS 
concentration in HW is 211 mg/L, 29 mg/L higher than any 
sample from the Preserve, but only 170 mg/L in BW, which 
falls in the range of Preserve aquifer values. The high 
total Fe content of HW (1.72 mg/L) is believed to be the 
result of well contamination since the dissolved 
concentration is not excessively high (0.005 mg/L).
In spite of the different chemistry between HW and BW, 
the local stratigraphy and similar hydrologie properties 
strongly indicate that HW and BW are finished in the same 
aquifer. The higher concentrations in HW may be due to HW 
penetrating 11 ft deeper into the confined aquifer than BW, 
indicating a hydrochemical stratification of the deep 
aquifer. Another possible explanation is the deep aquifer 
may receive additional recharge of high TDS water from 
another source. One possible source may be groundwater flow 
from a deeper confined aquifer in Lost Creek Canyon. It's 
plausible that mid-Pinedale outwash material from a Lost
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Creek Canyon tributary glacier is hydrologically connected 
to the mid-Pinedale valley outwash which forms the confined 
aquifer. Groundwater from this deep Lost Creek system would 
enter the deep aquifer downgradient of BW but up gradient of 
HW. It should be noted, however, that based on the water 
chemistry results, domestic wells HW and BW may in fact be 
finished in two separate groundwater systems.
Calcium to sodium and calcium to silica ratios for the 
March, 1991 data (Table 8 ) show a comparatively low calcium 
to sodium ratio for sample HW. This low value attests to 
the regional nature of the deep aquifer as compared to the 
Preserve aquifer. The longer residence time of the deep 
aquifer allows the water to equilibrate more with chemically 
resistant silicate minerals. The higher sodium 
concentration in HW is probably the result of reaction with 
the sodium silicate albite. The BW calcium to sodium ratio 
is also lower than for the Preserve aquifer samples but not 
as low as HW. Calcium to silica ratios show a more apparent 
random distribution.
CHAPTER 4 
NUMERICAL SIMULATION
To test the validity of the hydrogeologic conceptual 
model, a three-dimensional numerical groundwater flow model 
of the Preserve aquifer was developed. The finite 
difference model 'MODFLOW (Mcdonald and Harbaugh, 1988) was 
used because the code has been verified (numerical results 
compare favorably with analytical results), it includes a 
water balance, and its use has been documented in numerous 
hydrogeologic studies. Model development included model 
setup or configuration, calibration, and a sensitivity 
analysis. Steady state conditions for February, 1991, were 
simulated and the model calibrated to field measured water 
level and stream flow data. The February data were used 
because it corresponds to seasonal low water levels. When 
water levels are at their seasonal low, the aquifer is in a 
steady state condition until water levels begin to rise 
again in response to spring runoff.
Model Configuration 
A two layered model was utilized to simulate the 
Preserve aquifer. Layer 1 has a bottom elevation of 3050 ft 
AMSL and is simulated as unconfined. Layer 2 has a bottom 
elevation of 3000 ft AMSL and is simulated as confined since 
it is never dewatered. The transmisssivity (hydraulic 
conductivity times aquifer thickness) was decreased near the 
margins of layer 2  to simulate the decreasing aquifer
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thickness near its edges. A variable spaced grid was used 
to allow a more detailed head simulation in areas of special 
interest like near the oxbow pond and Swan River, Cell 
dimensions vary from 800 ft by 800 ft in the north to 2 0 0  ft 
by 200 ft around the oxbow pond. Model configuration is 
shown in Figure 20,
The model grid was designed so that model boundaries 
coincide with actual Preserve aquifer boundaries. Specified 
head, specified flux, and head dependant flux boundaries 
were utilized in the simulation. The north boundary, 
coinciding with Swan Lake, is a specified or constant head 
boundary since the lake stage was assumed not to fluctuate 
during February, The western aquifer boundary, where the 
Swan River was assumed to act as a groundwater divide, was 
treated as a head dependant flux boundary using the River 
Package in Modflow. Underflow from Lost Creek Canyon was 
simulated as a specified flux boundary using injection 
wells. The eastern and southeastern aquifer boundary, 
comprised of glacial till and glacio-lacustrine clay, was 
treated as a no-flow boundary since water discharged from 
the hills is believed to flow into Swan Lake via Spring 
Creek and does not recharge the aquifer. All cells west of 
the Swan River groundwater divide and east of the glacial 
till contact are inactive cells. These cells are not 
included in the mathematical solution to groundwater flow.
All internal cells (those located within the model
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boundaries) are variable head or active cells. Internal 
source and sink cells include ten injection well cells used 
to simulate Lost Creek infiltration and a number of drain 
cells simulating discharge to Spring Creek and the drainage 
ditch (Figure 20).
Each active cell was assigned a value for hydraulic 
conductivity and bottom elevation. Active cells in Layer 1 
were also assigned a leakance value. Other parameters such 
as évapotranspiration and recharge were not required since 
they do not occur in February. Storativity was not required 
because the simulation was for steady state conditions.
The hydraulic conductivity distribution as determined 
from aquifer test results and literature values is shown in 
Figures 21 and 22. Conductivity varies from 1000 ft/day in 
the southern portion of the aquifer, coinciding with the 
coarse grained Pleistocene delta and alluvial fan, to 0.28 
ft/day for the lacustrine silts. Vertical hydraulic 
conductivity was assumed to be one tenth the horizontal 
conductivity for the leakance calculation. All information 
pertaining to model setup, in the form of MODFLOW input 
files, is included in Appendix C.
Calibration
During model calibration, model output values, such as 
water level elevations, are compared to field measured 
values. Model parameters, like hydraulic conductivity, and 
boundary conditions, like river bed conductances, are
:
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systematically adjusted by the modeler within acceptable 
ranges, until the model simulated values compare favorably 
with those measured in the field. When an acceptable 
comparison is achieved, the model is said to be calibrated.
The Preserve aquifer model was calibrated to field 
measured water level elevations, or heads, at 15 sites 
(Figure 20) and to groundwater leakage to the drainage ditch 
and Spring Creek. Calibration to the conceptual model water 
budget was not attempted due to the large potential errors 
associated with these values but model generated groundwater 
fluxes to Swan River and Swan Lake were compared to 
calculated values as a check.
Because any field measured data, be it water levels or 
stream flows, have a component of error associated with it, 
and the discretization of space introduces error to the 
model simulated values, the goal of model calibration is not 
to achieve an exact match between model simulated values and 
field measured values (Woessner and Anderson, 1992).
Instead, an error analysis is performed on all field 
measured calibration values and an acceptable range, or 
calibration target determined. Calculating calibration 
targets prior to model calibration also sets calibration 
goals by which the success of the model calibration can be 
judged (Woessner and Anderson, 1992).
Potential errors related to simulation of field 
measured water level data include; 1 ) measurement related
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and; 2) model related error. Measurement related error 
includes operator, instrument and elevation survey errors. 
For data collected during this study, both operator and 
equipment error is believed to be small. The generally 
accepted value for operator error of 0 . 0 2  feet given by 
Sweet et al. (1990) was used. Since a steel tape graduated 
to hundredths of a foot was used for all groundwater 
measurements, and staff gages and pocket tapes used in 
surface water level measurements were also accurate to a 
hundredth of a foot, an equipment error on 0 . 0 2  feet was 
used as well. All elevation survey loops conducted in this 
study were closed allowing the survey error to be 
calculated. The closure error was divided by 2 to obtain 
the survey error.
Model related error includes scaling effects, transient 
error and interpolation error. Scaling effect error is 
introduced by small scale aquifer heterogeneities and long 
screened intervals in wells. This makes it difficult to 
define where the water level measurement corresponds to.
This is not believed to cause significant error in this 
study because screened interval lengths range from 1 0  feet 
in MW-1 to only 1.5 feet in some piezometers. Transient 
error, introduced by background water level fluctuations 
during the data collection period, was also ignored because 
the water levels were virtually stable during the two day 
span of data collection in February. Interpolation error
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refers to the difference in the location of the water level 
measuring point and the location of the corresponding cell 
node, or center of the cell, in the model. As seen in 
Figure 20, the calibration point seldom falls directly on a 
cell node. But when the model calculates the water level in 
a cell, it refers to the water level at the node. Since the 
water table or a stream is not flat, the water level at the 
cell node is different than at the point some distance from 
the node where the calibration value was measured. The 
magnitude of this error depends on the distance between the 
calibration point and cell node, and the water table or 
stream gradient.
After reviewing each of these error sources, the survey 
error and interpolation error proved to be the largest error 
components. Two water level calibration target zones were 
delineated. Zone 1, where higher water table gradients and 
larger elevation survey closure errors resulted in larger 
calibration target ranges, includes MW-1, MW-2 and LC-1,
Zone 2 includes all other calibration points where lower 
water table gradients and smaller survey closure errors 
resulted in smaller calibration targets. Table 10 lists all 
the error sources and corresponding values.
The calibration value for the groundwater flux to the 
drainage ditch and Spring Creek is based on a ditch flow of
2.5 cfs, or 216,000 ft^/day at D-1 (Figure 4) on 4/3/91 and
3.6 cfs or 311,000 ft^/day at SC-2 on 8/15/90. These
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TABLE 10; Sources of Error in Calibration Values.
Error Zone 1_____________Zone 2
Operator error .02 .02
Instrument error * .02
Survey error .27 .06
Scaling effect * *
Transient error * *
Interpolation error 1.70 .70
TOTAL ERROR 1.99 .80
* Source considered insignificant.
Zone 1 includes sites LC-1, MW-1 and MW-2. All other 
sites in Zone 2.
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particular flows were selected because they best represent 
February conditions of the available stream flow data. It 
is noted, however, that both flows are probably higher than 
February flows. Due to the silty ditch and creek bottoms, 
and the abundance of weeds, the gaging data are believed to 
have an accuracy of +2 0 % resulting in a calibration target 
of 421,600 ft^/day to 632,400 ft^/day for the flux of 
groundwater to Spring Creek and the ditch.
Water level calibration results are shown in Table 11. 
Using the concept of calibration levels (Woessner and 
Anderson, 1992) where a level 1 calibration means the site 
was calibrated within the calibration target and a level two 
calibration means the site was calibrated to within twice 
the calibration target and so on, a level 1  calibration was 
achieved in 12 of the 15 sites. A level 2 calibration was 
achieved at SP-1 and SP-4 and a level 5 calibration at LC-1, 
Figure 23 shows the model simulated potentiometric surface 
for the Preserve aquifer with calibration points and 
corresponding calibration levels. A large portion of the 
error associated with LC-1, -8.35 ft, is likely due to the 
fact that water levels at LC-1 were measured in Lost Creek 
while the model simulated water level represents an average 
groundwater level for the corresponding 300 ft by 300 ft 
cell. Since Lost Creek loses water through this area, the 
water table must be lower than the adjacent creek, and the 
model simulated water level may in fact better represent
TABLE 11: Model calibration results.
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MEASURED SIMULATED
CELL WATER WATER CALIB.
SITE LOCATION LEVEL LEVEL DIFFERENCE LEVEL
MWl (5,22,2) 3077.38 ft 3078.78 ft +1.40 1
MW2 (10,26,2) 3080.14 3082.21 +2.07 2
SPl (14,16,1) 3075.45 3974.27 -1 . 2 0 2
SP2 (19,19,1) 3075.07 3074.82 -0.25 1
SP3 (17,24,1) 3077.42 3077.33 -0.09 1
SP4 (18,12,1) 3073.42 3072.48 -0.94
SP5 (18,22,1) 3075.99 3076.06 +0.07 1
SP6 (1 0 ,2 2 ,1 ) 3077.65 3077.97 +0.32 1
SP7 (13,22,1) 3077.72 3077.32 -0.40 1
SP8 (8,19,1) 3075.85 3076.48 +0 .63 1
CR2 (1 1 ,2 0 ,1 ) 3076.83 3076.60 -0.23 1
SRI (23,22,1) 3074.51 3074.48 -0.03 1
SCI (4,18,1) 3070.01 3070.21 +0 . 2 0 1
LCl (3,34,1) 3138.43 3130.08 -8.35 5
0X1 (19,20,1) 3075.63 3075.11 -0.52 1
g
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true groundwater levels than the field measures creek stage. 
The 1.40 ft and 2.07 ft errors for MW-1 and MW-2 
respectively, the only calibration points in layer 2 , 
indicate more information about groundwater flow and 
vertical gradients in Layer 2 of the Preserve aquifer is 
needed to achieve a better calibration of heads in the 
deeper portion of the Preserve aquifer.
Calibration of groundwater leakage to the drainage 
ditch and Spring Creek was achieved by adjusting drain 
bottom elevations and conductances. The resulting simulated 
flux to the drains was 423,460 ft^/day. This value falls 
within the lower range of the calibration target (421,600 
ft^/day to 623,400 ft^/day).
Although the conceptual model water budget was not used 
in the model calibration, groundwater flow to Swan Lake and 
the Swan River was compared to model generated values as a 
check. Net model simulated groundwater flow from the 
Preserve aquifer to the Swan River is 781,390 ft^/day. This 
is compared to the conceptual model calculated flux of 
500,000 ft^/day. The difference between the two values is 
considered acceptable bearing in mind the uncertainty in the 
conceptual model value.
Model calculated groundwater flow to Swan Lake, 10,012 
ft^/day, is substantially higher than the water budget 
value, 3,120 ft^/day. If the model produced value is more 
accurate than the water budget value, the alluvium carrying
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groundwater to the lake is either thicker or more permeable 
than assumed. The hydraulic gradient is not believed to be 
a factor because it is controlled by the slight topographic 
gradient.
Although some discrepancies exist in the calibration, 
the general results indicate a good representation of 
groundwater flow in the Preserve aquifer, and its connection 
to the oxbow pond, by the conceptual model.
Sensitivity Analysis
A sensitivity analysis is performed after model 
calibration to test the dependence of model results on 
certain hydrologie parameters. Selected model input values, 
such as hydraulic conductivity or storativity, are adjusted 
within a predetermined realistic range, and the model run 
again to see how the results are effected. If a change in a 
certain parameter effects a large change in model heads and 
fluxes, the model is said to be sensitive to that parameter. 
If model results change only slightly due to a change in a 
parameter value, the model is insensitive or robust to that 
parameter.
Sensitivity of model calculated heads to hydraulic 
conductivity, river bed conductance, drain conductance and 
injection well discharge rate was tested. Results show that 
increasing the hydraulic conductivity by 50% caused a 
maximum head change -3.26 ft at LC-1 and an average head 
change of +1.05 ft (Table 12). Decreasing hydraulic
TABLE 12; Sensitvity analysis results.
Sife
Cell
LocaHon
Calibrated
Value
K 25% 
Higher
Percent
Change*
K 50% 
Higher
Percent
Change
K 25% 
Lower
Percent
Change
MW-1 5. 22, 2 3078.78 5079.79 1.55 5079.42 0.85 5081.39 5.48
MW-2 10. 26. 2 3082.21 3082.16 -0.05 5081.57 —0.64 3084.37 2.16
SP-1 U. 16. 1 5074.27 3075.11 2.45 5076.15 2.51 3076.42 2.87
SP-2 19. 19, 1 3074.82 5075.33 0.68 3075.55 0.68 3075.48 0.88
SP-3 17. 24. 1 3077.33 5077.62 0.59 5077.55 0.27 5078.00 0.89
SP-4 18. 12. 1 3072.48 5074.24 2.55 5074.58 2.80 5074.26 2.57
SP-5 18. 22. 1 5076.06 5076.49 0.57 5076.44 0.51 5076.77 0.95
SP-6 10. 22. 1 3077.97 5079.02 1.40 5078.75 1.04 5080.21 2.99
SP-7 13. 22. 1 3077.32 5078.20 1.17 5078.02 0.95 5079.04 2.29
SP-S 8. 19. 1 3076.48 5078.54 2.48 5078.15 2.23 5079.55 5.80
CR-2 11. 20. 1 3076.60 5078.06 1.95 5077.89 1.72 5078.92 5.09
SR-1 23. 22. 1 3074.48 5074.48 0,00 5074.49 0.01 5074.48 0.00
SC-1 4. 18. 1 3070.21 5068.97 -1.65 3068.98 —1.64 5068.95 -1.68
LC-1 3. 34. 1 5130.08 5127.28 —8.00 5126.82 -9.31 5154.89 13.74
OX-1 19. 20. 1 5075.11 5075.55 0.59 5075.54 0.57 5075.71 0.80
Average % Change 1.14 1.17 2.02
§
TABLE 12: Sensitivity analysis results (con’t).
Site
K 50% 
Lower
Percent
Change
River C 
25% Higher
Percent
Change
Droln C 
25% Higher
Percent
Change
Weil Flux 
25% Higher
Percent
Change
MW-1 5083.34 6.08 3083.34 6.08 3085.2 5.89 3086.67 10.52
MW-2 3086.99 4.78 3086.99 4.78 3086.92 4.71 3091.06 8.85
SP-1 3076.83 3.41 3076.82 3.40 3076.63 3.15 3077.96 4.92
SP-2 3075.68 1.15 3075.67 1.13 3075.62 1.07 3076.18 1.81
SP-3 3078.46 1.51 3078.48 1.51 3078.43 1.47 3079.32 2.65
SP-4 3074.34 2.48 3074.34 2.48 3074.18 2.27 5074.91 3.24
SP-5 3077.12 1.41 3077.12 1.41 3077.07 1.55 3077.83 2.56
SP-6 3081.67 4.93 3081.66 4.92 3081.54 4.76 3084.24 8.36
SP-7 3080.07 3.67 3080.06 3.65 3079.96 3.52 3081.94 6.16
SP-8 3080.55 5.43 3080.54 5.41 3080.36 5.17 3082.92 8.59
CR-2 3080.00 4.53 3079.99 4.52 3079.84 4.32 3082.05 7.27
SR-1 3074.47 -0.01 3074.47 -0.01 3074.47 -0.01 5074.47 -0.01
SC-1 3068.94 -1.69 3068.94 -1.69 3068.94 -1.69 3068.95 -1.68
LC-1 3144.15 40.20 3144.15 40.20 3144.15 40.20 3159.12 82.97
OX-1 3075.92 1.08 3075.91 1.07 3075.87 1.01 3076.42 1.75
Average % Change 5.01 3.01 2.89 4.87
COo>
P̂ercent change calculated from change in saturated thickness of aquifer. Average %  change does not include LC-1.
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conductivity by 50% had a much greater effect with a maximum 
change of +14.07 ft at LC-1 and an average change of 3.13 
ft. Increasing the Swan River bed conductance by 25% had a 
similar effect as lowering the conductivity. The maximum 
head change of +14.07 ft again is at LC-1 and the average is 
+3.12 ft. Raising the drain conductance 25% for Spring 
Creek and the drainage ditch caused an identical head change 
at LC-1 and an average change of +3.04 ft. Increasing the 
flux of the injection wells simulating Lost Creek Canyon 
underflow and Lost Creek infiltration had the largest effect 
on water levels. The maximum change again is at LC-1,
+29.04 ft. The average head change is 5.49 ft.
The sensitivity analysis results show the model heads 
to be most sensitive to the flux of water out of Lost Creek 
Canyon and the Lost Creek infiltration rate, moderately 
sensitive to most other parameter changes and fairly 
insensitive to increases in hydraulic conductivity. The 
relatively high sensitivity to Lost Creek Canyon underflow 
and Lost Creek infiltration means model input values for 
these fluxes must be accurate for the calibration to be 
valid. Although the Lost Creek infiltration rate is well 
established from stream gaging. Lost Creek Canyon underflow 
was estimated from an assumed saturated thickness and 
permeability of alluvium due to lack of data. Therefore, to 
substantiate the success of the model calibration, more data 
on Lost Creek Canyon underflow is required.
CHAPTER 5 
CONCLUSIONS
The Preserve aquifer is an isolated unconfined aquifer 
of good quality Ca-Mg-HCOj type water. Confined and semi­
confined hydrologie conditions occur locally. Aquifer 
matrix materials consist of coarse grained glacio-deltaic, 
alluvial fan, and Swan River alluvial deposits in the 
southern portion of the aquifer, and finer grained alluvium 
and deltaic deposits in the north. Hydraulic conductivities 
range from approximately 1000 ft/day to 1500 ft/day in the 
south to 0.28 ft/day for the lacustrine deposits in the 
north. Groundwater velocities range from 8.5 ft/day in the 
south where hydraulic conductivities and gradients are 
greater to 0 . 0 1  ft/day on the low gradient, low conductivity 
delta plain north of the Preserve. Groundwater velocities 
in the vicinity of the oxbow pond are approximately 2  to 3 
ft/day.
The main sources of recharge to the Preserve aquifer 
are Lost Creek infiltration and underflow from Lost Creek 
Canyon. Additional recharge comes from precipitation 
infiltration and the Swan River during spring runoff. Swan 
River underflow and upward percolating water from a deep 
confined glacial outwash aquifer stratigraphically below the 
Preserve aquifer may provide recharge as well. Groundwater 
discharges to the Swan River, a drainage ditch. Spring 
Creek, several individual springs and Swan Lake. Additional
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discharge occurs in summer months as évapotranspiration.
The oxbow pond is a water table pond in direct 
hydrologie connection with the Preserve aquifer. The main 
sources of water to the pond, as well as the aquifer, are 
underflow from Lost Creek Canyon and Lost Creek 
infiltration. During spring runoff (May and June) the 
increased river stage causes the Swan River to lose water 
and recharge the oxbow pond. Analyses of water samples 
collected in July, 1990 suggest the oxbow pond water was a 
mixture of Swan River water and waters originating as Lost 
Creek Canyon underflow and Lost Creek Infiltration at that 
time. Winter sampling results were less conclusive as to 
the origins of the oxbow pond water due to suspected 
snowmelt and precipitation dilution. The relatively high Fe 
content and low pH of the oxbow waters is believed to be the 
result of biological activity or organic anion complexing.
Since Lost Creek Canyon underflow and Lost Creek 
infiltration are the major sources of recharge identified to 
the Preserve aquifer and oxbow pond, activities in the Lost 
Creek watershed could potentially affect the pond. Altering 
hydrologie characteristics such as the quantity of surface 
and subsurface flow in the drainage, timing of runoff, or 
Lost Creek water quality, could affect the magnitude and 
timing of the oxbow pond stage fluctuations or the water 
chemistry. Changes to the Swan River could also potentially 
impact the pond. Besides the obvious concerns raised by the
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river being a recharge source to the pond during spring 
runoff/ the river also serves as the discharge point for 
groundwater flowing from the Lost Creek area through the 
oxbow pond for most of the year. Decreasing the stage 
elevation of the Swan River would result in a lowering of 
the adjacent water table thus affecting water levels in the 
oxbow pond.
Natural infilling of the oxbow pond by Swan River 
overbank flooding appears to have been temporarily slowed by 
the construction of the Porcupine Creek Road berm and a man 
made levee north of Porcupine Creek Road. Although the pond 
will succumb to infilling sometime in the future, new ponds 
* can be expected to form and hopefully provide continued 
habitat to HoweIlia aquatilis.
CHAPTER 6 
RECOMMENDATIONS FOR ADDITIONAL WORK
Due to the lack of pre-existing hydrologie and geologic 
information for this portion of northwestern Montana, 
certain questions pertaining to the hydrogeology of the Swan 
River Oxbow Preserve could not be answered by this study. 
Following is a list of recommended work that would add to 
the knowledge of the site hydrogeology achieved through this 
study.
1) Additional groundwater and surface water sampling. This 
may better define the relationship between the different 
hydrologie components in the study area. A minimum of one 
sampling episode during baseflow conditions (January or 
February) and another during the rising limb of spring 
runoff (May) is recommended.
2) Installation of a monitoring well near the mouth of Lost 
Creek Canyon to define the thickness and hydrologie 
properties of saturated material in this area. This would 
provide a better understanding of the quantity of underflow 
discharging from Lost Creek Canyon.
3) Installation of a monitoring well through the Swan River 
alluvium at the south end of the study area. This would 
help determine the contribution of Swan River underflow to
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the Preserve aquifer.
4) Continuous water level monitoring of Lost Creek, the Swan 
River and the oxbow pond to better define their 
interrelationship.
5) Attempt calibration of the numerical model to transient 
conditions. This would better indicate the validity of the 
numerical model.
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SELECTED AREA WELL LOGS
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11. DATE COMPLETED S e p te m b e r  1 3 ,  1 9 8 6
12. WELL LOG 
Depth (ft.)
From To Formation
40
140
1 6 0
40
140
1 6 0
1 7 0
C l s v .  B o u ld e r s  - 7 . / I
C l a y ,  G r a v e l  ir...A
G r a v e l
G r a v e l ,  W a te r
R E C E IV E D
JEC4-1-498&-
KALISPELL FIELD OfflCE
(usi scpaiK* sh ift U Mcasssryi
13. DRILLER’S CERTIFICATION
This well was drilled under my jurisdiction and this report is 
true to the best of my knowledge.
S e c t .  1 7 .  ‘>985
Dili
HUDSON DRILLING_________________
Finn Niffli
P .O .  B o x  7 5 3 .  B l o f o r k . _ M L  5 9 9 1
\  0/^ ̂  2 g&
Signaluri J U unsi No.
mOM TANA O C P A R T M C N T  O f  N A T U R A L  R C S O U R C C S  A C O N SE R V A TIO N
32  SOUTH SW ING  HELENA .MONTANA 5 9 6 2 0  _^ - 6 6 1 0ONRC
f U f t  PeauMM* Ca. M iie a  Me#v
DEPARTIVIENT - BUREAU COPY
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File No.
WELL LOG REPORT
Stête law requires that this form be filed by the water well driller within 60 days after complete 032444
1. WELL OWNER
N#m# ______ 3oe Laurence
2. CURRENT MAIUN6 ADDRESS
._________ B o x  9 7 _________
S w a n  L e k e ,  f.T  5 9 9 1 1
WELL LDCATION 
County L a k e
Township 2S
V* V*
Lot_______
Subdivision
_ N /ty  Ringe_
 y* Section^
Block
' > 8 8 XEyw
26
4. PROPOSED USE Ooffloslic Stock □  Irrigation Q  
Otttor □  spocify___________________________________
5 DRILLING METHOD cable.
X >' forward rotary, reversa rotary.
_bored.
je tted .
other (specify).
6. WELL CONSTRUCTION AND COMPLETION
SUt al Siia and From TadfWad wateM (f«st| (faatlhaw af using
6” 6-5/6' + 18' 170
O.D.
.250
wall
1? lb! /
n
Pirfontiont
SCTMR
■nd/or
KindSUn
from Tntint)
Was casing left open end? 
Was a packer or seal used? 
If so. what material_____
Yes
Yes
No
No
Was the well gravel packed? 
Was the well grouted?
To what depth?_________
 Yes
XX Yes 
1 0 *
XX No 
No
Material used in grouting P o _ u d g r_ a _ d _ B e o to n l t e  & 
W ill head cemplebon: Pittess adapter C la y
Vos XX No
: Top of casing 12 In. or greater above grade
J _JQLYm No
7. WHAT IS THE TEMPERATURE OF THE WATER?
__________Degrees Fahrenheit
i. . □  Measured OEstlmated
8 WATER LEVEL 
Static water level P
If flowing; dosod-ln pressure 
i  ^  I gpm
jle e t  below land surface 
_________________ P«
Controlled by: valve,
,other, (specify).
reducers,
9. WELL TEST DATA pump. bailer
 other, (specify)________________
Pumping water level below land surface;
__________It. after _
ft. aRer
,hrs. pumping 
hrs. pumping
ÏT gpm
gpm
ID. WAS WELL PLUGGED OR ABANDONED? Yes x y  No
If yes, how?____________________________________
11. DATE COMPLETED M a rc h  3 1 .  ->986
12. WELL LOG 
Depth (ft.)
From To Formation
AO
1 AO
-SSL
'60
40
1004̂0
M l
173
boulders and clav
clay and cravel
oravel uith some clav
. b r o k e n  o r a u e l  en d  w a t e r
_and t » - i e r  f  lO L in :
7 - 6
Gravel and water Flowin'
9 oom
RECEIVED
s e u e s s :
■IM N T AW I r* n V
-miSPEa -FiTl-:
(u>t Mparitt sb((t d nicttuqr)
13. DRILLER'S CERTIFICATION
This well was drilled under my jurisdiction and this report is 
true to the best of my knowledge.
March 31. 1986
Oita
HUD5BN DRILLINGrowNiM
P.O. Box 753. Blofork. MT 599_1_1_ 
M~(jS iy a im
2 9 5
Ucant Ha.
mOMTAMA OCPà
32 SOOTH eWtHQ HSLeHA, MONTANA 59920
tVATiOM
444̂ 610DNRC
D EPA R TM EN T - BUREAU COPY
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fi form No. 603 R9/b<
C K oW vjl WELL LOG.BEPORT
m
tiWlTAWd nfjBfi
SfafFlaw requires that this form be tiled ^t'er'weV driller withir) 60 days after complet», . 0 0 8 2 9 0
File No.
CODED
1. WELL OWNER
Name  Jn h n  P lw A r .
K A I I S P E L L  F i a i
2. CURRENT MAILING ADDRESS 
R .R ,  Sw aa - 'gel l ey -
CfflC&ATER LEVEL
Static water level I f l o w i n g  
if flowing; close'(f*in pressurer— ^
]fe e t below land surface 
 _______  psi
Controlled by:
]9pm
valve.
other, (specify)
reducers,
3 WELL LOCATION 
County
9. WELL TEST DATA _pump bailer
Township T f P s RangT
V«/V \J l) V*A)\X) V* Section^
Lot_____________________ Block_
Subdivision_________
_other, (specify) a i r
Pumping level below land surface:
lA Q  ft. alter 2 hrs. pumping | 
__________ft. a lte r_______hrs. pumping_____
Jgpm
_gpm
1 0.
4. PROPOSED USE Domestic £ ]  Stock □  Irrigation □  
Other □  specify________________ !___________________
WAS WELL PLUGGED OR ABANDONED? 
If yes, how?____________________-__
Yes No
11. DATE COMPLETED / f t / f to
5. DRILLING METHOD 
X forward rotary,
cable.
reverse rotary.
bored,
-jetted,
other (specify).
12. WELL LOG 
Depth (ft.)
From To Formation
6. WELL CONSTRUCTION AND COMPLETION 30
-20.
-2 Z .
^ay & rQ r> ,R __ Xi/
-c3,w:> grjBT̂l vsiitw
Si» of enitd koi<
6 "
St» jnd Ffpm TP .
wiighi ttdcl) d » t)
pi <:«lng
6»*
17 .02 0 149
Piriorjtlont
Sc»in
. and/pr
130 -1201LO
Kind
Si»
From
llt t t)
To
(tetl)
-Ü0 -ifcSL - g r g r r i .  &  M e te r
Was casing left open end? 
Was a packer or seal used? 
If so, what m aterial_____
.Yes
Yes
No
"No
(u tt «cp in li tncft it ntcttsarY)
Was the well gravel packed?  Yes
•Was the well grouted? t  Yes
To what depth?  95_______
No
No
13.
Material used In grouting. c l a y  a l n n y -
Well head completion: Pitless adapter
 Yes
.Top of casing 12 in. or greater above grade 
JC Yes
-No
No
DRILLER’S CERTIFICATION
This well was drilled under my jurisdiction and this report Is 
true to the best of my knowledge.
• 1V 2/&LL-----
0:1#
______ SLinep.n.nrming------------
Firm N:m#
7. WHAT IS THE TEMPERATURE OF THE WATER? 
l^tj • Degrees Fahrenheit
□  Measured • ^Estim ated
4ddn
ttb  I p .  Hd..
Slgniltt»
5 9 9 0 1
U cinse Np.
MONTANA OCFARTMCNT OF NATURAL RCSO U RCCS A CONSERVATION
' 3 2  SOUTH BW INQ HELENA .M ONTANA 5 9 6 2 0  4 4 9 -3 9 6 2DNRC
7 - HOO 3P‘V-tT DEPARTMENT— BUREAU COPY
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b^ Ck.
Fil« N o ü k c
0 4 7  a 3 w  n w  i b d ô c a  . l a k e
.m //
County. U k a
STATE OP MONTAKA 
MmiBTEATOK OP G&OUEDWATEE CODE 
OPPIŒ o r  STATE ENOOfEEX
0 3 6 8 6 1
ffclaration of Vested Groundwater Rights . \Jf^  _ 3 0.6^
(Under Ch*pt*r 237, McutuB* SoMioa Lawi, 1961) ■-
Swift a tA t^
............................   S » a j » l a _ _ _
(N*»e of Appropriotor) (Addrese) . (Town)
County of-------------------------   SUt« o f_M W A aL ________ _________________________
hêf appropritted groundwater «ceording to the Montana law# in effect prior to January 1, 1 9 6 2 ^  foUowai
_Î4_Sê T̂.?3B R-IW
2 beatficitl am# on which the claim it based,,22^” K 5 5 î . l t« î2 î» * * * »  
3. Date or approximate date of earlieat beuefieial uae; and how eon*
îsasTà̂t*
A The amount of groundwater elaiaed (in miner'a inchea or gallon# 
per minute1_ M _ W # A l a  W tW iA D  fKW a 100 gn l/m tA  m o
s. If used for irrigation, give the acreage and deaeription of the landa 
to which water baa been applied and name of the owner thereof
Indicate point of appropriation 
and place of uec, if poesible. 
Each email aonare repreeenta 10 
acree
6. The means .of withdrawing each water from the ground and the
T23r,- iiw; S. A  -
7. The date of commencement and compMion of the wnstmcdon of the well, well#, or other works for with­
drawal of groundwater_f?K*_=g_**4f%9p..4.W ?_7a._l]KAa ,  ._...
8. The depth of water table___
9. So far as it may be available, the type, siee.and depth of each well or the general apeciCeationa of any other 
works for the withdrawal of groundwat er—.*■?.J j ^. ?. >Ma— n a ant ftd ,
10. The estimated amount of groundwater withdrawn each year—
11* The M fogga ^ u s ^ n c o ^ t^ ^ d  ^  A
i " m t l n ' î l ï r " à f o î t " î " » l l ë M i  o f  m U r  l ^
12. Such other information of a aimilae nature as may be useful in carrying out the policy of this act, including 
reference to book and page of any county record  — - — .—  ------------------- —  ----------- -------
 .... . 0£rtgSp̂ 'Sfeftte"Toic*Wr—
Signature of Owner. R p# ..^A t.^^w ia .K A L dii? .a  ......
D lA t r le t  S ÿ A tn _ ?» r# * t# r 
Date.J>*W%f.
Three copies to be filed by the owner with the County Clerk and Recorder of the county in which the well is 
located.
Plceee answer all qoeetiona If  not applicable, so state, otherwise the form will be returned.
Original to the County Clerk and Recorder; duplicate to the State Engineer; Triplicate to the Montana Bureau of 
Mines and Geology and Quadmplicata for the Appropriator,
APPENDIX B 
AQUIFER TEST DATA
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MW-1 AND MW-2 HYDRAULIC CONDUCTIVITY CALCULATIONS
MW-1 :
Partial Penetration Correction-
Qo=Qp/[y(l+7(rw/2ym)^ cos()5 ny) ], from Jacob, 1963.
where, Qp=actual discharge, Qg=corrected discharge, 
y=screened length/aquifer thickness, m=aquifer
thickness, r^=well radius.
QQ=93gpm/[ 0.1( 1+7 (. 25/(2 )(.l) (70))^ cos (Î5 rT(. 1 ) ) ]
0«=485 gpm=93,410 ft^/day
Hydraulic Coductivity Calculation-
K=[Q/n(h2 -̂ĥ )̂ ] ln(r2 /r̂ ) Thiem equation for unconfined 
conditions.
where, K=hydraulic conductivity, Q=corrected pumping 
rate, h2 =saturated thickness at radius r2 (assumed 1 0 0  ft
at 400 ft radius), h^=saturated thickness at r̂
K=93,410 ft^/day/rt[(100 ft)^-(99 ft)^] ln(400 ft/0.25 ft) 
K=1,103 ft/day=0.38 cm/sec.
MW-2:
Partial Penetration Correction-
Qo=89.6gpm/[0.1(l+7(0.25/(2) ( .1)(100) )** cos(»5 rt( .1) ) ] 
Qo=505 gpm=97,238 ft^/day
Hydraulic Conductivity Calculation-
K=97,238 ftVday/n(( 1 0 0  ft)^-(97 ft)^
K=387 ft/day=0.13 cm/sec.
120
Slug Test Time-Drawdown Data
spl 
Time 
14:17:42 
14:17:43 
14:17:43 
14:17:44 
17:45 
17:46 
17:46 
17:47 
17:47 
17:48 
17:48 
17:49 
17:49 
17:50 
17:50 
17:51 
17:52 
17:53 
17 :53 
17:54 
17:54 
17:55 
17:55 
17:56 
17:56 
17:57 
17:57 
17:58 
17:59 
17:59 
18:00 
18:01 
18:02 
18:02 
18:03 
18:03 
18:04 
18:05 
18:05 
18:06 
18:07 
18:08 
18:08
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
06-04-1991 
Depth to Water 
12.07 FT HD
12.06 FT HD
12.07 FT HD
14.05 FT HD Slug in
13.30 FT HD
13.29 FT HD
13.21 FT HD
13.20 FT HD
13.23 FT HD
13.32 FT HD
13.35 FT HD
13.50 FT HD 
13.54 FT HD
13.51 FT HD
13.52 FT HD
13.49 FT HD
13.50 FT HD 
13.48 FT HD 
13.47 FT HD 
13.46 FT HD 
13.43 FT HD 
13.41 FT HD 
13.39 FT HD 
13.37 FT HD
13.36 FT HD 
13.34 FT HD
13.33 FT HD 
13.32 FT HD
13.31 FT HD
13.30 FT HD
13.29 FT HD
13.32 FT HD
13.31 FT HD
13.30 FT HD
13.29 FT HD 
13.27 FT HD 
13.26 FT HD 
13.25 FT HD
13.24 FT HD 
13.23 FT HD
13.22 FT HD
13.21 FT HD 
13.20 FT HD
121
14 18 :09 13.19 FT HD
14 18 : 1 0 13.18 FT HD
14 18 ; 1 0 13.17 FT HD
14 18: 13 13.14 FT HD
14 18;14 13.13 FT HD
14 18;15 13.12 FT HD
14 18 :15 13.11 FT HD
14 18 :16 13.10 FT HD
14 18 :17 13.09 FT HD
14 18;19 13.08 FT HD
14 18 ;19 13.07 FT HD
14 18 ; 2 0 13.06 FT HD
14 18 : 2 1 13.05 FT HD
14 18 : 2 2 13.04 FT HD
14 18 :23 13.03 FT HD
14 18:25 13.02 FT HD
14 18 :26 13.01 FT HD
14 18 :27 13.00 FT HD
14 18 :28 12.99 FT HD
14 18 :29 12.98 FT HD
14 18;31 12.97 FT HD
14 18 :32 12.96 FT HD
14 18 ;33 12.95 FT HD
14 18 :34 12.94 FT HD
14 18 :35 12.93 FT HD
14 18 : 37 12.92 FT HD
122
sp2 06-04-1991
Time Depth to Water
15 46 42 12.75 FT HD Slug in
15 46 43 12.71 FT HD
15 46 44 12.67 FT HD
15 46 44 12.62 FT HD
15 46 45 12.49 FT HD
15 46 45 12.34 FT HD
15 46 46 12.32 FT HD
15 46 47 12.37 FT HD
15 46 47 12.44 FT HD
15 46 48 12.46 FT HD
15 46 48 12.49 FT HD
15 46 49 12.51 FT HD
15 46 49 12.54 FT HD
15 46 50 12.56 FT HD
15 46 50 12.58 FT HD
15 46 51 12.59 FT HD
15 46 51 12.60 FT HD
15 46 52 1 2 . 62 FT HD
15 46 53 12.63 FT HD
15 46 53 12.64 FT HD
15 46 54 12.65 FT HD
15 46 54 1 2 . 6 6 FT HD
15 46 55 12.67 FT HD
15 46 55 1 2 . 6 8 FT HD
15 46 56 12.69 FT HD
15 46 57 12.70 FT HD
15 46 57 12.71 FT HD
15 46 59 12.72 FT HD
15 47 0 2 12.73 FT HD
15 47 08 12.74 FT HD
15 50 32 12.73 FT HD
123
sp3 06-04-1991
Time Depth to Water
1 1 ':38î 06 14.18 FT HD
1 1 ':38: 07 14.29 FT HD
1 1 :38; 08 14.31 FT HD
1 1 :38 :09 15.63 FT HD lug out
1 1 38 1 0 15.30 FT HD
1 1 38 1 1 15.06 FT HD
1 1 38 1 2 14.73 FT HD
1 1 38 13 14.37 FT HD
1 1 38 14 14.23 FT HD
1 1 38 15 14.19 FT HD
1 1 38 16 14.25 FT HD
1 1 38 17 14.19 FT HD
1 1 38 18 14.20 FT HD
1 1 38 19 14.22 FT HD
1 1 38 2 0 14.19 FT HD
1 1 38 2 1 14.20 FT HD
1 1 38 2 2 14.22 FT HD
1 1 38 23 14.20 FT HD
1 1 38 24 14.19 FT HD
1 1 38 29 14.18 FT HD
1 1 38 37 13.47 FT HD
1 1 38 38 13.06 FT HD
1 1 38 39 13.40 FT HD
1 1 38 40 13.60 FT HD
1 1 38 41 13.74 FT HD
1 1 38 42 13.84 FT HD
1 1 38 43 13.92 FT HD
124
sp9
Time
06-04-1991 
Depth to Water
1 2 : 2 0 :34 4.14 FT HD
1 2 :2 0 :35 4.17 FT HD
1 2 :2 0 '.36 4.15 FT HD
1 2 :2 0 :.37 4.14 FT HD
1 2 :2 0 :38 7.16 FT HD Slug out
1 2 : 2 0 39 4.85 FT HD
1 2 : 2 0 40 4.52 FT HD
1 2 : 2 0 41 4.39 FT HD
1 2 : 2 0 42 4.34 FT HD
1 2 : 2 0 43 4.31 FT HD
1 2 : 2 0 44 4.29 FT HD
1 2 : 2 0 45 4.28 FT HD
1 2 : 2 0 46 4.27 FT HD
1 2 : 2 0 47 4.26 FT HD
1 2 : 2 0 49 4.25 FT HD
1 2 : 2 0 51 4.24 FT HD
1 2 : 2 0 55 4.23 FT HD
1 2 : 2 0 58 4.22 FT HD
1 2 : 2 1 15 4.21 FT HD
1 2 : 2 1 38 4.17 FT HD
1 2 : 2 1 39 4.18 FT HD
1 2 : 2 1 48 4.14 FT HD
1 2 : 2 1 49 4.17 FT HD
1 2 : 2 1 53 4.18 FT HD
1 2 : 2 1 57 4.17 FT HD
1 2 : 2 1 58 4.18 FT HD
1 2 : 2 1 59 4.17 FT HD
1 2 : 2 2 0 1 4.18 FT HD
1 2 : 2 2 0 2 4.17 FT HD
1 2 : 2 2 06 4.18 FT HD
APPENDIX C 
MODFLOW INPUT FILES
125
APPENDIX D 
WATER LEVEL DATA
127
128
MEASURING
Site POINT M.P.ELEV 10/14/89 10/20/89 11/03/89
MW-1 Top of Casing 3091.56
MW-2 Top of Casing 3104.21
SP-1 Top of Casing 3082.67 3075.19 3075.14 3075.28
SP-2d Top of Casing 3083.59 3017.81 3074.77 3074.81
8P-2S Top of Casing 3082.16 3074.80 3074.90
SP-3 Top of Casing 3084.82 3077.26 3077.13 3077.21
SP-4 Top of Casing 3079.31 3073.24
SP-5 Top of Casing 3083.10
SP-6 Top of Casing 3089.04
SP-7 Top of Casing 3085.29
SP-8d Top of Casing 3080.68
8P-8S Top of Casing 3078.30
8P-9 Top of Casing 3089.90
8P-10 Top of Casing 3083.71
SP-11 Top of Casing 3083.76
CR-2 Top of Casing 3079.33
SR-1 Staff gage 3073,80 3074.56 3074.36 3074.45
8R-2 Top of Pipe 3098.72
8R-5 Top of Pipe 3084.75
SR-6 Top of Pipe 3077.20
SR-9 Top of Pipe 3069.54
8C-1 Staff Gage 3068.91 3070.13 3070.13
SC-2 Top of Pipe 3071.82
80-3 N end Culvert 3070.38
LC-1 Staff Gage 3138.14 3138.64 3138.52 3138.56
OX-1 Top of Casing 3079.07 3074.94 3074.93 3075.06
OX-2 Staff Gage 3077.27
KP-3 Staff Gage 3134.84
KP-4 Staff Gage 3097.07
KP-6 Staff Gage 3096.88
M-1 Nail in Post 3072.73
M-2 Nail in Post 3072.95
M-3 Top of Pipe 3070.29
D-1 Top of Pipe 3073.82
D-2 Nail in Bridge 3076.58
D-3 Top of Pipe 3070.18
0-1 Top of Casing 3083.41
129
Site 11/16/89 12/15/89 1/14/90 2/25/90 3/23/90 4/6/90
MW-1 3079.18 3078.54 3078.40 3077.68 3078.56 3079.20
MW-2 3082.72 3081.40 3081.14 3080.14 3081.28 3082.32
SP-1 3076.76 3076.41 3076.15 3075.47 3076.08
SP-2d 3076.82 3076.17 3075.90 3075.07 3075.78
SP-2S 3076.75 3076.24 3075.92 3075.00 3075.79
SP-3 3079.41 3078.49 3078.30 3077.42 3078.26 3079.44
SP-4 3074.02 3073.95 3073.89 3073.42 3073.87
SP-5 3077.01 3076.78 3075.99 3076.71
SP-6 3078.55 3078.41 3077.65 3078.53 3079.20
SP-7 3078.12 3078.55 3077.72 3078.40 3079.34
SP̂ 8d 3076.35 3075.85 3076.39
SP-8S
SP-9
SP-10
SP-11
CR-2
SR-1
SR-2
SR-5
SR-6
SR-9
SC-1
SC-2
SC-3
LC-1
OX-1
OX-2
KP-3
KP-4
KP-6
M-1
M-2
M-3
D-1
D-2
D-3
C-1
3076.83 3077.30 3077.64
3076.70 3075.67 3075.40 3074.51 3075.41 3076.93
3070.22 3070.11 3070.12 3070.01 3070.17 3070.25
3139.29 3138.97 3138.64 3138.43 3138.66 3139.31
3076.67 3076.34 3076.03 3075.63 3076.03 3076.14
130
Site 4/13/90 4/20/90 4/28/90 5/11/90 5/18/90 5/24/90
MW-1 3078.85 3079.41 3078.75 3078.64 3078.61
MW-2 3081.77 3081.86 3083.05 3081.94 3081.59
SP-1 3076.57 3077.03 3076.62 3076.55 3076.56
SP-2d 3076.58 3077.25 3076.69 3076.57 3076.80
SP-2S 3076.60 3077.22 3076.72 3076.61 3076.74
SP-3 3079.03 3079.50 3079.97 3079.16 3078.97 3079.28
SP-4 3074.03 3074.26 3074.01 3074.03 3074.05
SP-5 3077.42 3077.78 3078.06 3077.52 3077.39 3077.64
SP-6 3078.86 3078.86 3079.42 3078.86 3078.66 3078.63
SP-7 3079.11 3078.93 3079.26 3078.83 3078.70 3078.59
SP-8d 3076.62 3076.94 3076.59 3076.49 3076.47
SP-Ss
SP-9 3080.66
SP-10
SP-11
CR-2 3077.54 3077.47 3077.70 3077.42 3077.37
SR-1 3076.29 3077.14 3077.76 3076.49 3076.30 3077.04
SR-2 3095.02 2996.54 3095.10 3094.95
SR-5
SR-6 3076.15 3076.33 3076.16 3076.99
SR-9 3067.60
SC-1 3070.15 3070.13 3070.06 3070.10 3070.09
SC-2 3069.87
SC-3
LC-1 3139.08 3139.59 3139.70 3139.32 3139.32 3139.82
OX-1 3076.43 3076.57 3076.94 3076.49 3076.43 3076.36
OX-2 3078.61 3078.31 3078.32 3078.26
KP-3 2955.99 2956.38 3135.97 3135.84 3135.70
KP-4 2993.70 2994.40 3097.33 3098.01 3097.82
KP-6 3094.72 3094.68 3094.55 3094.60 3094.53
M-1 3070.99 3071.20 3070.85 3070.88 3070.87
M-2 3070.58 3070.90 3070.55 3070.53 3070.53
M-3 3069.41 3068.78 3068.62 3068.64
D-1 3071.99 3072.01
D-2 3071.89 3071.74 3071.75 3071.80
D-3 3069.23 3068.65 3068.45 3068.51
C-1 3077.53 3077.51
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Site 6/1/90 6/7/90 6/22/90 6/29/90 7/6/90 8/5/90
MW-1 3079,83 3080.00 3079.62 3079.92 3079.44 3077.98
MW-2 3083.77 3083.52 3083.98 3082.90 3080.69
SP-1 3077.31 3077.26 3077.24 3077.24 3075.74
SP-2d 3077.95 3077.58 3077.78 3077.58 3075.61
SP-2s 3077.71 3077.51 3077.58 3077.53 3075.65
SP-3 3080.77 3080.27 3080.52 3080.70 3080.10 3078.01
SP-4 3074.37 3074.25 3074.30
SP-5 3078.63 3078.36 3078.51 3078.32 3076.51
SP-6 3079.82 3079.95 3079.63 3079.94 3079.47 3077.96
SP-7 3079.59 3079.83 3079.42 3079.68 3079.41 3077.99
SP-8d 3077.22 3077.26 3077.04 3077.23 3076.96 3074.95
SP-8S 3076.27 3075.05
SP-9 3083.01 3081.93 3082.45 3082.73 3081.64 3079.27
SP-10 3081.30 3081.52 3080.74 3078.45
SP-11 3081.06 3081.41 3080.43 3078.11
CR-2 3077.85 3077.76 3077.75 3076.87
SR-1 3079.67 3078.08 3079.09 3079.36 3077.99 3075.29
SR-2 3096.61 3097.26 3096.38 3094.08
SR-5 3082.25 3083.06 3083.21 3082.06
SR-6 3079.49 3077.89 3078.87 3077.74 3075.10
SR-9
SC-1 3070.46 3070.41 3070.25 3070.51 3070.29 3070.15
SC-2 3070.00
SC-3 3069.69
LC-1 3140.34 3139.84 3139.97 3139.69 3139.24 3138.48
OX-1 3077.30 3077.12 3077.10 3077.13 3075.62
ox-2 3078.77 3078.74 3078.71 3078.79 3077.76
KP-3 3135.85 3136.02 3135.64 3135.34 3135.14 3134.38
KP-4 3098.75 3099.69 3099.19 3099.49 3099.13 3095.87
KP-6 3094.79 3094.80 3094.53 3094.41
M-1 3071.21 3070.98 3071.09
M-2 3071.09 3070.72 3070.81
M-3 3070.55 3069.94 3069.80 3067.78
D-1 3072.02 3071.97 3071.96
D-2 3071.97 3071.90 3071.92
D-3 3070.35 3069.77 3069.92 3069.65 3068.23
C-1 3078.40 3077.83 3077.44 3077.28 3076.58
132
Site 9/1/90 10/2/90 11/2/90 12/16/90 1/23/91 3/3/91
MW-1 3077.43 3076.58 3077.15 3078.27 3077.52 3077.24
MW-2 3079.93 3078.72 3079.83 3080.80
SP-1 3075.25 3074.74 3075.90 3075.42 3075.92
SP-2d 3075.07 3074.56 3075.44 3074.99 3075.56
SP-2s 3075.07 3074.58 3075.45 3074.99 3075.59
SP-3 3077.43 3076.83 3077.43 3077.83 3077.31 3077.94
SP-4 3072.63 3073.71 3073.34
SP-5 3075.98 3075.45 3076.04 3076.35 3075,88 3076.46
SP-6 3077.43 3076.59 3077.17 3078.26 3077.50 3078.25
SP-7 3077.45 3076.67 3077,10 3078.29 3077.87 3078.44
SP-8d 3075.61 3075.06 3075.52 3076.25 3075.70 3076.25
SP-8S 3075.08 3074.78 3075.52 3075.97 3076.14 3076.25
SP-9 3078.68 3078.56 3079.02 3078.49 3079.14
SP-10
SP-11
CR-2 3076.50 3075.88 3077.16 3076.77 3077.30
SR-1 3074.69 3074.22 3074.76 3074.84 3074.44 3075.03
SR-2 3093.55 3093.12 3093.71 3093.81
SR-5 3082.29
SR-6 3074.51 3074.01 3074.64 3074.28 3075.39
SR-9 3067.19
SC-1 3070.08 3070.01 3070,03 3070.04 3069.88
SC-2 3069.69 3069.63 3069.47 3069.50
SC-3 3067.97 3068.11 3068.05 3068.37 3068.04
LC-1 3138.34 3138.25 3138.40 3138.61 3138.34 3138.54
OX-1 3075.17 3074.51 3075.17 3075.71 3075.27 3075.32
OX-2 3078.16 3077.89 3078.21
KP-3 3136.54
KP-4 3095.12 3094.02 3097.17
KP-6 3094.91 3095.03
M-1 3070.30 3070.79 3071.00
M-2 3070.01 3070.03
M-3 3068.39 3068.76
D-1 3072.07 3072.08
D-2 3071,55 3071.53 3073.69
D-3 3068.23 3068.16 3068.30 3068.29 3068.71
C-1 3077.05 3076.45 3077.64 3078.00 3077.86 3077.97
